RNA-processing pathways are at the centre of regulation of gene expression. All RNA transcripts undergo multiple maturation steps in addition to covalent chemical modifications to become functional in the cell. This includes destroying unnecessary or defective cellular RNAs. In Archaea, information on mechanisms by which RNA species reach their mature forms and associated RNA-modifying enzymes are still fragmentary. To date, most archaeal actors and pathways have been proposed in light of information gathered from Bacteria and Eukarya. In this context, this review provides a state of the art overview of archaeal endoribonucleases and exoribonucleases that cleave and trim RNA species and also of the key small archaeal proteins that bind RNAs. Furthermore, synthetic up-to-date views of processing and biogenesis pathways of archaeal transfer and ribosomal RNAs as well as of maturation of stable small non-coding RNAs such as CRISPR RNAs, small C/D and H/ACA box guide RNAs, and other emerging classes of small RNAs are described. Finally, prospective post-transcriptional mechanisms to control archaeal messenger RNA quality and quantity are discussed.
INTRODUCTION
RNA biology plays a critical role in accurate gene expression, a prerequisite for all cellular processes from the simplest to most complex organisms. Expression of genetic information depends on messenger RNAs (mRNAs) to define the proteome and on ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs) to decode mRNA sequence information as well as on additional regulatory non-coding RNAs (ncRNAs). During protein synthesis, bonds are formed in an active site of the ribosome residing on the large subunit, called the peptidyl transferase centre, which is devoid of any r-protein side chains, thus establishing the ribosome as a ribozyme . In this framework, RNA processing and decay paths stand at the centre of post-transcriptional regulation of gene expression and, therefore, are fundamental in defining the phenotypic characteristics of a cell. In addition, they permit a rapid adaptation to changes of environmental conditions. The continuing discovery of multiple mechanistically distinct pathways in Bacteria and Eukarya highlights the complexity of these processes. The quality and level of each cellular RNA species are tightly controlled and determined by the relative rates of transcription, maturation and decay (Durand et al. 2015; Wagner and Romby 2015; Houri-Zeevi and Rechavi 2017) .
Based on evidence obtained from Eukarya and Bacteria, it is now established that an ordered action of a cell-specific set of RNA-modifying and RNA-processing enzymes is required from RNA synthesis to decay. Enzymes which act directly on RNA molecules are ribonucleases (RNases) that catalyse the exo-or endoribonucleolytic cleavage of phosphodiester bonds and act in concert with other RNA-related ancillary enzymes such as RNA helicases, poly(A) polymerases and pyrophosphohydrolases. RNA-processing enzymes are often found in RNA-degrading complexes and may be recruited to their respective targets by several means: cis-acting RNA sequence elements, trans-acting proteins or ncRNAs. RNA maturation or turnover is often initiated through internal cleavage by the action of endoribonucleases but also through 3 -to-5 and 5 -to-3 exoribonucleolytic decay by the action of the exoribonucleases. The tight teamwork between different RNA-degrading systems defines the outcome of each RNA species within the cell. Ribonucleases can be grouped according to their substrate specificity (single and/or double-stranded RNA or RNA/DNA hybrid), the nature of the product they release or their mechanism of action (processive or distributive). In-depth reviews covering enzymes involved in critical aspects of RNA processing in Bacteria and Eukarya have highlighted the considerable number of these processes from the nascent RNA to its degradation ( (Durand et al. 2015; Wagner and Romby 2015; Houri-Zeevi and Rechavi 2017) and chapters in Stoecklin and Mühlemann 2013) .
Archaeal microorganisms, omnipresent in Earth's ecosystems, constitute a unique domain of life with features at the frontier of Bacteria and Eukarya that had led to a revolution in the field of evolutionary biology. In this regard, elucidating fundamental cellular processes in Archaea is of a critical importance to understand life on earth. Moreover, the importance of studying archaeal microorganisms recently emerged from their identification in complex microbiomes of plants, animals and humans and opened the question of their impacts on the biosphere and health (Moissl-Eichinger et al. 2018) . Finally, the close phylogenetic relationship between Archaea and Eukarya increasingly highlights the advantage of using archaeal systems which use simpler proteins or ribonucleoprotein (RNP) complexes. Indeed, archaeal and eukaryotic cells share many key components of their processing systems, such as replication, transcription and translation machineries (Brochier-Armanet, Forterre and Gribaldo 2011; Adam et al. 2017) . This provides valuable insights in understanding associated enzymatic activities and molecular processes. Based on genomic data it has been accepted that archaeal phylogeny includes the TACK (Thaumarchaeota-AigarchaeotaCrenarchaeota-Korarchaeota)/Proteoarchaeota group, the Euryarchaea and the DPANN (Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota) lineages ( Fig. 1 ) (Guy and Ettema 2011) . However, in view of the Figure 1 . Taxonomic distribution of ribonuclease protein families across the archaeal phylogeny. The size of the filled circles is proportional to the percentage of members of ribonucleases in each family. Each family is represented by a single colour which is also used in Figs 2 and 4. Classification of taxonomic groups is according to the phylogenetic tree (Adam et al. 2017) , with the exception of the position of cluster I. The DPANN (Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota, Nanohaloarchaea) refers to the superphylum of Extremophile Archaea (Rinke et al. 2013) . The taxonomic status (Adam et al. 2017 ) is shown in parentheses: C = Class; P = Phylum; SC = Super Class; SP = Super Phylum. To retrieve all members of each ribonuclease family, we collected an initial set of proteins using PFAM and/or COG profile annotations from complete archaeal genomes. Subsequently a graph partitioning method (MCL) was used to remove false positives. Hidden Markov model (hmm) profiles were built for each family and used with hmmsearch (HMMER package) to identify homologues in annotated archaeal genomes retrieved from NCBI (https://www.ncbi.nlm.nih.gov/genome). In addition, to identify potential unannotated genes, we performed tblastn searches. Finally, the percentage of occurrence of each ribonuclease family gene is computed for each taxonomic group (one strain per species) by taking into account the presence or absence of a candidate gene in a genome, i.e. paralogues are counted only once. For each taxonomic group, if complete annotated genomes (cg) were available, these were used in the analysis, otherwise incomplete genomes (ws) were used. For incomplete genomes (ws), the absence of a protein may be due to the fact that the genomes are partial. For references and further details, see section 'Archaeal ribonuclease families'. mosaic content of archaeal genomes, an enthusiastic debate is taking place around the topology of the archaeal phylogenetic tree and its connection to the eukaryal branch and questions the veracity of our present picture of the tree of life (Eme et al. 2017; Levasseur et al. 2017 ; Van der Gulik, Hoff and Speijer 2017) .
Archaeal RNA species and RNA biology-associated processes which finely regulate gene expression appear to be mosaic, with both eukaryal and bacterial features. A unique archaeal RNA polymerase (RNAP) related to the eukaryal RNA polymerase II (RNAPII) is in charge of transcribing all archaeal RNA classes of which mRNAs share bacterial features with no eukaryotic 5 -end capping structure and generally no introns. To date, only a single example of an intron within a gene encoding a CBF5 pseudouridine synthetase has been identified in some Crenarchaeota (Yokobori et al. 2009 ). In addition, archaeal pre-tRNAs contain introns that occur in eukaryal nuclear tRNAs, and several eukaryotic-like RNA-processing enzymes and RNA regulatory factors have been found to be encoded in archaeal genomes. This includes the 3 -to-5 exosome machinery, the eukaryoticlike sets of ncRNAs namely C/D and H/ACA box small RNAs (sRNAs) guiding 2 -O-ribose-methylation and pseudouridylation modifications and tRNA intron-processing enzymes. However, as in Bacteria, RNA transcription and translation are proposed to be coupled in Archaea. In this mosaic context, pathways dictating the biogenesis and the fate of archaeal RNAs wait for most of them to be precisely characterised.
This review condenses the state of our current knowledge on associated players and pathways mediating maturation and degradation of archaeal RNA species. This focus opens with a comprehensive overview on the major protein families acknowledged to date which are capable of degrading or binding RNA molecules. This includes a comprehensive study of the taxonomic distribution of key ribonucleases setting the functional status of each enzyme across the archaeal phylogeny. Subsequently, maturation pathways leading to functional tRNAs, rRNAs, non-coding guide H/ACA and C/D box sRNAs, clustered regularly interspaced short palindromic repeat RNAs (CRISPR or crRNAs) and novel emerging classes of ncRNAs are described. Finally, a prospective on archaeal mRNA turnover and quality control pathways is discussed to propose mRNA-signalling pathways at regulating gene expression in Archaea.
Archaeal ribonuclease families
Our purpose is to provide a panoramic view of archaeal enzymes and machines that cleave and degrade the various RNA types in light of bacterial and eukaryotic systems to question their significance. Since 2001, studies on bacterial and eukaryal RNA-processing apparatuses have supplied the foundation for the discovery of RNA-degrading enzymes implicated in fundamental aspects of RNA processing in Archaea (see Koonin, Wolf and Aravind 2001; Klug et al. 2007; Evguenieva-Hackenberg and Klug 2009; de Koning et al. 2010; Clouet-d'Orval et al. 2015; Phung, Bouvier and Clouet-d'Orval 2017 for review) . The 10 archaeal RNase families highlighted in Tables 1A and 1B are defined based on their bacterial and eukaryal counterparts (Arraiano et al. 2013; Stoecklin and Mühlemann 2013) (Table 2) . We performed a phylogenomic search of members of each family within archaeal genomes to highlight the occurrence of these RNase families across the phylogeny of Archaea. This is shown and described in Fig. 1 .
Ubiquitous archaeal endoribonucleases
To date, archaeal endoribonucleolytic activities were shown to be carried out by the universal RNase P and RNase Z families; the ubiquitous EndA, Nob1, aPelota and aCPSF1 families shared with Eukarya; and finally, the Cas6 family shared with Bacteria ( Table  1A ). Note that the aCPSF1 subfamily is described in the section 'The universal β-CASP ribonuclease family' together with other members of the β-CASP family.
RNase P (EC 3.1.26.5 ) RNase P is a site-specific endoribonuclease which catalyses the hydrolysis of the phosphodiester bond at the junction between a 5 -end single-stranded and a doublestranded region. This reaction requires Mg 2+ ions for the attack of the phosphorous atom in the scissile bond (Guerrier-Takada et al. 1983) . In all domains of life, RNase P is best known for its role in removing the 5 -leaders of tRNA precursors (pre-tRNAs) transcribed as mono-or polycistronic transcripts (Frank and Pace 1998; Evans, Marquez and Pace 2006; Esakova and Krasilnikov 2010; Jarrous and Gopalan 2010; Lai et al. 2010b) . However, RNase P is also involved in processing the precursor of 4.5S RNA, the transfer-messenger RNA (tmRNA) and riboswitches in bacteria, and of ncRNAs, such as intron-encoded box C/D small nucleolar RNAs, in Eukarya (Esakova and Krasilnikov 2010; Altman 2011) . It has been proposed that this virtually ubiquitous enzyme has independently originated at least twice in evolution with different architectures (Lechner et al. 2015) . The most ancient type of RNase P holoenzyme is a ribozyme-based RNP complex assembled on a catalytic RNA subunit (RPR) (GuerrierTakada et al. 1983 ). This RNP complex adopts divergent scaffolds throughout the three domains of life (see Lai et al. 2010b; Klemm et al. 2016; Samanta et al. 2016 for review). More recently, protein-only RNase P enzymes were discovered in human mitochondria (PRORP) and in the bacterium Aquifex aeolicus (HARP), highlighting a more intricate evolution of RNase P than previously thought (Hartmann and Hartmann 2003; Howard et al. 2013; Lechner et al. 2015; Klemm et al. 2016; Nickel et al. 2017) . Using the HARP protein sequence from A. aeolicus, homologous proteins could also be identified in archaeal genomes (Nickel et al. 2017) . However tRNA-processing activity has not yet been shown for these archaeal HARP proteins. The diversity of RPRs and RPPs, composing RNase P in the three domains of life, has been extensively reviewed (Gopalan 2007; Altman 2011; Howard et al. 2013; Klemm et al. 2016; Samanta et al. 2016) (Table 2) . Briefly, RPRs are structurally related and classified according to specific structural features important for catalysis and substrate recognition (Gopalan 2007) . In Archaea, three types of RPRs are now well defined: the archaeal A-and M-types characterised by two functional RNA domains, the substrate-binding domain (S-domain) and the catalytic domain (C-domain) (Fig. 2A) ; the newly identified T-type, a shorter RPR only retaining the conventional C-domain but lacking a recognisable S-domain, identified in Thermoproteaceae and the related Crenarchaea Caldivirga maquilingensis and Vulcanisaeta distributa (Lai et al. 2010a) .
The A-type, related to the bacterial type but lacking the P13/P14 and P18 regions, is the most common in the archaeal phylogeny (Harris et al. 2001) (Figs 1 and 2A ). The M-type which is restricted to the Methanococci and Archaeoglobus resembles the A-type without the P8 and P16 regions, the P6 pseudoknot and a loop in P15 (Pannucci et al. 1999; Gopalan 2007) . While the archaeal A-and M-type RPRs contain all of the elements required for substrate recognition and catalysis, with biochemical properties similar to synthetic minimal bacterial Silva et al. (2011) Structural models shown in Fig. 2 are indicated * .
Note that aCPSF1 has been classified in here but carries also a 5 -3 exoribonucleolytic activity (see section 'Archaeal ribonuclease families'). RPRs, they are structurally defective in the absence of protein (Guerrier-Takada et al. 1983; Kikovska, Svärd and Kirsebom 2007) . Only A-type RPRs show residual in vitro endoribonucleolytic activity (Pannucci et al. 1999; Gopalan 2007) . Interestingly, the catalytic RPR is associated to a single protein in Bacteria, at least five in Archaea and up to 10 in eukaryal nuclei (Frank and Pace 1998; Evans, Marquez and Pace 2006; Ellis and Brown 2009; Hartmann et al. 2009; Esakova and Krasilnikov 2010; Jarrous and Gopalan 2010; Lai et al. 2010b; Samanta et al. 2016) (Tables 1A and 2 , Fig. 2A ). Although archaeal RNase P RNAs are similar in both sequence and structure to those of Bacteria, all archaeal RNase P protein subunits are orthologous to their cousins in eukaryotic RNase P Brown 2001, 2002; Samanta et al. 2016) (Table 2 ). Until recently, the A-and M-types of archaeal RNase P were described as containing at least four proteins (POP5, RPP21, RPP29 and RPP30) (Table 1A) . A fifth partner, RPP38, also known as 50S ribosomal protein L7Ae, was recently shown to be associated with the RNA component of both RNase P types (Fukuhara et al. 2006; Cho et al. 2010; Lai et al. 2014 Lai et al. , 2017 .
Over the years, structural studies and biochemical reconstitutions of the RNase P subunits of Pyrococcus furiosus, P. horikoshii, Methanothermobacter thermoautotrophicum, Methanocaldococcus jannaschii and Methanococcus maripaludis have led to valuable insights into protein-aided RNA catalysis showing that protein content and divalent metal ions affect cleavage fidelity and catalytic efficiency (Kouzuma et al. 2003; Tsai et al. 2006; Pulukkunat and Gopalan 2008; Li, Willkomm and Hartmann 2009; Chen et al. 2010 Chen et al. , 2011 Chen et al. , 2012 Sinapah et al. 2011; Gao et al. 2017; Kimura 2017) .
The dominant structural feature of the 11-kDa RPP29 subunit is a sheet of six antiparallel β-strands, wrapped around a core of conserved hydrophobic amino acids ( Fig. 2A ) (Sidote and Hoffman 2003; Numata et al. 2004; Sidote, Heideker and Hoffman 2004; Amero et al. 2008) . The RPP21 subunit comprises an N-terminal domain consisting of two long α-helices, and a central linker and C-terminal domain (CTD) which folds into a zinc ribbon domain forming an L-shaped structure ( Fig. 2A ) (Kakuta et al. 2005; Amero et al. 2008) . These two subunits form a 30-kDa complex (RPP21 r RPP29) (Honda et al. 2008; Xu et al. 2009 ) with enhanced substrate affinity (see Samanta et al. 2016; Kimura 2017 for review) .
Despite weak sequence similarities of POP5 and RPP30, structural and footprinting studies revealed a heterotetrameric POP5 r RPP30 complex, in which a homodimer of POP5 sits between two RPP30 molecules and contacts the C-domains of the RNA moiety by an hydrophobic interface (Kawano et al. 2006; Tsai et al. 2006; Honda et al. 2010; Crowe et al. 2011) (Fig. 2A) . The POP5 r RPP30 complex enhances the rate of RPR-catalysed selfprocessing by about 100-fold (Pulukkunat and Gopalan 2008) .
Finally, the RPP38/L7Ae protein family (see section'Archaeal small RNA-binding proteins') is described to specifically recognise a Kink-turn RNA structural motif (also named K-turn or KT), a key architectural motif in RNA structure, characterised by a three-nucleotide bulge flanked by a 5 canonical helix and a 3 non-canonical helix capped with two sheared non-canonical G r A base pairs in tandem that induces a tightly kinked structure with a twist Lilley 2013, 2016 ) (see Lilley 2012; for review) (Fig. 3A) . A novel integrated approach supports the formation of 'double KT' modules in A-and M-type archaeal RPR variants which are bound by the RPP38/L7Ae protein and are predicted to facilitate the functions of other RPPs (Lai et al. 2017) (Fig. 2A) . More specifically, it has been proposed that the formation of the K-turn in the C-domain of A-type RPR (KT1) could promote the interaction between the RPR and POP5 r RPP30, while the double KT in the S-domain of both A-and M-types (KT2 and KT3) may facilitate a long-range tertiary interaction required for proper binding of the pre-tRNA substrate (Lai et al. 2017) .
Even though there is no atomic resolution structure of full archaeal RNase P enzymes available to date, a three-dimensional (3D) model (not including RPP38/L7Ae) has been constructed based on crystal structures of the individual protein subunits and of the RPP21 r RPP29 and POP5 r RPP30 binary complexes (Kimura and Kakuta 2012) . This proposed 3D model of Table 1A and marked by an asterisk. When no structure was available (protein name tagged with an asterisk in figure) , we used the Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2) to generate a 3D protein model. Domains correspond to Pfam annotation (Pfam database http://pfam.xfam.org/). Catalytic sites are highlighted with yellow areas. (A) Archaeal RNase P is composed of a RNA moiety (ribonucleotide sequence shown in black), structured into two domains: a catalytic domain (C-domain) and a structural domain (S-domain). The secondary structure folding of P. horikoshii A-type is represented with typical helical structure (P) numbering, and three Kink-turn motifs (KT). Specific sets of heterodimer (RPP21 r RPP29) and heterotetramer (POP5 r RPP30) protein subunits bind to the S-and C-domains, respectively. In addition, the small RPP38/L7Ae protein binds to three Kink-turn motifs (KT1, KT2 and KT3) (see Fig. 3A ). (B) Structure and domains of the four different forms of EndA found across the archaeal phylogeny are shown. The α4-type is a homotetramer containing four active catalytic sites. Each α subunit is composed of two Pfam domains (PF02778 'N-term' and PF01974 'catalytic', light and dark brown, respectively). The α2/β2-type heterotetramer is shown in dark pink. The α2-type is a heterodimer composed of two units of fused α-types leaving only two active catalytic sites. Finally, the ε2-type is a version with two active catalytic sites composed of a two units of fused α/β types. The archaeal EndAs recognise and cleave BHB motifs (see Fig. 3B ). (C) Five other archaeal endoribonucleases, aPelota, RNase Z, Nob1, RNase HII, Cas6, acting as monomers or dimers are shown. The RNase Z which is characterised by a β-lactamase domain interrupted by a small insertion has no crystal structure reported to date. A Phyre2-built structural model of P. abyssi RNase Z shows that the flexible arm (light blue) protrudes from the classical β-lactamase domain. Note that Cas6 protein sequences show limited sequence conservation with only two common motifs: the ferredoxin fold or RRM (RNA recognition motifs) domains and a glycine-rich motif located at the C-terminus. The structure of P. abyssi Cas6 with an RNA fragment is shown. The Kink-turn (K-turn) RNA consists of a canonical (grey squares) and a non-canonical (unfilled squares) RNA stem separated by a short asymmetric loop (circles) with a sharp bend between the two stems. The internal loop contains a highly conserved flipped-out U (in blue circle) followed by a third non-Watson Crick base pair and the non-canonical stem usually contains two tandem sheared GA base pairs (non-Watson Crick base pairing is in blue triangle) (Lescoute et al. 2005) . Middle panel: The Kink-loop (K-loop) is an RNA structural motif related to the K-turn with a single stem closed by a terminal loop (Nolivos, Carpousis and Clouet-d'Orval 2005) . Both RNA motifs are recognised by the L7Ae protein. Right panel: Ribbon structure representation of RPP8/L7Ae from P. horikoshii in complex with the K-turn of the SL12 RNA fragment (helix P12 of RPR) (PDB accession number:5DCV). The protein is represented by its ribbon diagram in purple and the RNA is drawn in black/grey stick form. The RNA-protein interaction occurs primarily through nucleotides in the non-canonical stem (sheared GA pairs) and at the 3-nucleotide bulge (G-G-U) (Oshima et al. 2016) . Törö et al. 2001) . For clarity, the monomers are drawn in a colour gradation from blue to violet. AF-Sm1 forms a seven-membered ring. It was shown that no conformational changes are induced by binding of RNA to the interior of the heptamer (Törö et al. 2001) .
P. horikoshii RNase P highlights that protein-RNA interactions in archaeal RNase P could replace RNA-RNA contacts in bacterial RNase P. This framework will assist further structural and functional studies on archaeal, as well as eukaryotic, RNase P enzymes.
Interestingly, the taxonomic distribution of the RPP subunits and RPR types among the available archaeal sequenced genomes (Fig. 1) confirmed a previous analysis showing that genes coding for RPP21 are missing or are too divergent to be detected in genomes encoding T-type RPRs that lack an S-domain (Lai et al. 2010a) . Further investigations are needed to elucidate how RPP29 interacts with T-type RPRs in the absence of RPP21. Collectively, the plasticity in the subunit composition and of Ttype RNase P in Thermoproteaceae highlights the rich evolutionary story of RNase P within the archaeal domain (Lai et al. 2010b) . Furthermore, it is interesting to note that the only known organism without RNase P is the archaeon Nanoarchaeum equitans, which belongs to the fast-evolving DPANN phylogenetic lineage with extremely reduced genome sizes (Brochier et al. 2005; Rinke et al. 2013) , presumably because the pre-tRNAs in this organism are transcribed without leader sequences (Randau, Schröder and Söll 2008) (Fig. 1) .
Previous observations, in agreement with our phylogenomic analysis ( Fig. 1) , identified all five RPPs in one or more members of Euryarchaeota, Crenarchaeota, Thaumarchaeota, Nanoarchaeota (except for N. equitans), Bathyarchaeota, Nanohaloarchaeota, Diapherotrites and Lokiarchaeota (Samanta et al. 2016) . The RPP distribution in Thaumarchaeota is similar, with POP5 and RPP30 missing in some genomes whereas RPP21 homologues are absent in some Thermoproteales strains (Thermoproteus uzoniensis, Pyrobaculum arsenaticum and V. distribute) as previously reported by Lai et al. (2010a) . In addition, RPP30 homologues are not found in genomes from the Diaforachaea group. However, the occurrence of the other partners suggests that these subunits may have diverged beyond the sensitivity of the similarity search methods. This is supported by the observation that RPP30 is less conserved than the other RNase P subunits (Samanta et al. 2016) . Last of all, it has also been proposed that these RPPs arose early in archaeal phylogeny and that putative ancestral archaeal RPP genomic loci include genes encoding other core cellular machineries including open reading frames for several ribosomal, exosomal and proteasomal proteins (Samanta et al. 2016) .
The splicing endonuclease EndA (EC 3.1.27.9 transferred to EC 4.6.1.16 ) The archaeal RNA-splicing endonuclease, termed EndA, is a multimeric enzyme with variable subunit compositions (Fig. 2B , Table 1A ) that recognises a specific RNA structural motif named Bulge-Helix-Bulge (BHB) which consists in its canonical form of a four-base-pair central helix flanked by two juxtaposed three-nucleotide bulges in a helical context with at least two adjacent base pairs (Fig. 3B ) (Thompson and Daniels 1990; Marck and Grosjean 2003) . Asymmetric endoribonucleolytic cleavages occur within the bulges producing two RNA molecules bearing a 3 -end 2', 3 -cyclic phosphate and a 5 -end hydroxyl group. EndA is strictly conserved among the archaeal phylogeny (Fig. 1) and catalyses critical steps of tRNA and rRNA processing (described in section 'Processing pathways of archaeal ncRNAs').
Overall, archaeal EndA enzymes, classified upon their subunit composition, present the same structure (Fig. 2B) , suggesting an accommodation over time to diverse canonical and non-canonical BHB splicing motif substrates (Fig. 3B ) (Marck and Grosjean 2003) . Their different quaternary structures that may coincide with the diversity of substrates observed within different archaeal groups could have arisen by gene duplication and subsequent subfunctionalisation (Tocchini-Valentini, Fruscoloni and Tocchini-Valentini 2005) . The homotetrameric α 4 form ( Fig. 2B ) with potentially four active catalytic sites is predominantly found in Euryarchaea (Fig. 1) but also, interestingly, in the recently discovered Asgard group described to be closely branched to Eukarya (Zaremba-Niedzwiedzka et al. 2017) . In contrast, the homodimeric (α 2 ) form, predominantly found in Euryarchaeota, and the heterotetrameric (α 2 ß 2 ) configuration, present mostly in Crenarchaeota and only exceptionally in Nanoarchaeota or the euryarchaeon Methanopyrus kandleri (Calvin and Li 2008) , possess only two active catalytic sites (Fig. 2B) . Briefly, the α 2 homodimeric or α 4 homotetrameric forms are only capable of processing canonical BHB motifs (Lykke-Andersen and Garrett 1997; Li, Trotta and Abelson 1998; Li and Abelson 2000) (Fig. 3B) , while the α 2 ß 2 heterotetrameric variant in addition can bind and process non-canonical BHB motifs (Fig. 3B) . A fourth type of splicing endonuclease, the ε 2 homodimer, with a similarly relaxed substrate recognition was described in the deeply branching Archaea ARMAN-1 and ARMAN-2 (Fujishima et al. 2011; Hirata et al. 2012) (Fig. 1) .
Finally, comparative sequence analysis of the subunits revealed strong similarity with two protein subunits, Sen34p and Sen2p, of the eukaryal heterotetrameric tRNA splicing endonuclease suggesting an ancient origin of EndA splicing enzymes before the emergence of Eukarya (Trotta et al. 1997; Hirata et al. 2012 ) (see Lopes et al. 2015 for review) ( Table 2) . aRNase Z (EC 3.1.26.11 ) From respective sequence similarities, the RNase Z enzymes were classified as belonging to the family of metal-dependent β-lactamases (Aravind 1999) (Table 2) . RNase Z homologues are present in organisms of all three domains of life (Späth et al. 2008) and ubiquitously in archaeal genomes with the exception of Nanopusillus acidilobi 605887 (Fig. 1) . RNase Z exists in two forms: a short form (250-350 aa) present in all domains of life and a long form (750-900 aa) restricted to Eukarya that probably arose from a gene duplication event (Vogel et al. 2005; Ma et al. 2017) . Being a metallo-β-lactamase, RNase Z enzymes exhibit the characteristic αβ/βα fold of sandwiched β-sheets and in the catalytic centre the characteristic histidine motif (HxHxDH) and additional histidine and aspartate residues (Fig. 2C , Table 1A ) (Aravind 1999; Ishii et al. 2005 Ishii et al. , 2007 Li de la Sierra-Gallay, Pellegrini and Condon 2005) . In addition, RNase Z has a flexible arm (coined the exosite) that is inserted between the N-and C-terminal halves and protrudes from the protein body (Ishii et al. 2007) . Crystal structures of archaeal RNase Z have not yet been resolved; a model is shown in Fig. 2C . The short RNase Z dimer binds the pre-tRNA with one monomer by clamping the exosite onto the tRNA elbow by hydrogen bonds to the backbone of mainly the T-arm and acceptor stem (Ishii et (Schierling et al. 2002; Schiffer, Rösch and Marchfelder 2002; Ishii et al. 2005) . Catalysis that depends on the coordination of Zn 2+ ions generates a tRNA with a 3 -end hydroxyl group (Späth, Canino and Marchfelder 2007) . For the M. jannaschii, P. furiosus, H. volcanii, P. aerophilum and Thermoplasma acidophilum RNase Z enzymes, an in vitro tRNA-processing activity was sought (Schierling et al. 2002; Schiffer, Rösch and Marchfelder 2003; Hölzle et al. 2008; Späth et al. 2008) . These enzymes show only small differences in their biochemical requirements, in the cleavage site position and in substrate specificity. It is interesting to note that for RNase Z of H. volcanii a high-salt concentration inhibits its activity, contrasting to the organism's halophilic life style (Späth et al. 2008) . While the maturation state of the pre-tRNA influences the processing activity of RNase Z, the outcome is species and tRNA specific. Intron-containing precursors and substrates with a long 5 -leader are not processed by H. volcanii RNase Z but can be cleaved by P. furiosus RNase Z (Späth et al. 2008) . The presence of a CCA in the 3 -trailer inhibits cleavage by T. acidophilum RNase Z but does not influence P. aerophilum and M. jannaschii RNase Z activities (Schiffer, Rösch and Marchfelder 2003; Späth et al. 2008) .
aNob1 (EC 3.1.) Several archaeal homologues of eukaryotic ribosome assembly factors have been identified and are valued as models for functional and structural studies (Veith et al. 2012; Hellmich et al. 2013) . This is the case for the eukaryotic endoribonuclease Nob1 ( Table 2 ). Nob1 of P. horikoshii (Pho) efficiently cleaves RNA substrates encompassing a Dsite, in vitro in a manganese-dependent manner. In addition, the structure of Pho-Nob1, solved by nuclear magnetic resonance spectroscopy, revealed the presence of a PIN (PilT N-terminus) domain typical of many nucleases and of a zinc ribbon domain (Table 1A ). These two domains are structurally connected by a flexible linker ( Fig. 2C ) (Veith et al. 2012) . However, Pho-Nob1 lacks a large insertion in the PIN domain and a long C-terminal tail that are both typical of eukaryotic Nob1 (Veith et al. 2012) . Further studies showed that the structure and function of Nob1 are conserved in all the major branches of Archaea with the exception of Korarchaea and some DPANN with incomplete genomes (Fig. 1 ). Nevertheless, it should be noted that shorter CTDs are observed in some Crenarchaeota such as certain Thermoproteales (13 out of 17 genomes), the Acidilobales (2/2), the Fervidicoccales (1/1) and some Desulfirococcales (3/15).
RNase HII (EC 3.1.26.4 ) RNA-primed replication intermediates in archaeal cells are similar to those formed during eukaryotic DNA replication (Kochiwa, Tomita and Kanai 2007) . RNase H enzymes play a crucial role in DNA replication by removing the RNA primer of Okazaki fragments, and in DNA repair by removing the occasional single ribonucleotides incorporated in the DNA (see Tadokoro and Kanaya 2009 for review) . It was recently shown that initiation of the misincorporated ribonucleotide repair pathway in Archaea relies on RNase HII (Heider et al. 2017) . The RNase HII gene is conserved in all complete archaeal genomes with the exceptions of Nitrosopumilus sediminis and N. koreensis AR1 (Fig. 1 , Table 1A ). The RNase HI genes have a lower occurrence and a discontinuous distribution (Kochiwa, Tomita and Kanai 2007) . This result is consistent with an essential and non-overlapping function of the RNase HII in archaeal genomes.
RNase H enzymes which cleave the P-O 3 -bond of the RNA strand embedded in RNA/DNA hybrid substrates with a twometal-ion catalysis mechanism vary greatly in domain structures and substrate specificities (see Tadokoro and Kanaya 2009 for review) (Fig. 2C) . RNase H from Bacteria and Archaea have been classified into type 1 RNase H (RNase HI) and type 2 RNase H (RNase HII) based on differences in their amino acid sequences (Kochiwa, Tomita and Kanai 2007) (Table 2 ). The structures of M. jannaschii (Lai et al. 2000) , Thermococcus kodakarensis (Muroya et al. 2001) and Archaeoglobus fulgidus (Bubeck et al. 2011 ) share a main chain fold, termed the RNase H-fold, and steric configurations of the four acidic active-site residues (Fig. 2C ). In addition, it has been reported that the 3D structure of RNase H is similar to that of the PIWI domain of the P. furiosus argonaute-like (Ago) protein suggesting an evolutionary relantionship between the RNAse H and the Ago proteins in prokaryotes. Interestingly, in the presence of Mn 2+ ions, Pf RNAse HII digests RNA-RNA duplexes (Kitamura et al. 2010) .
aPelota (EC 3.1.) Drosophila melanogaster Pelota and Saccharomyces cerevisiae DOM34, initially identified as important proteins for meiotic cell division, were recently shown to be key players in the no-go decay (NGD) surveillance pathway by which mRNAs containing stalled ribosomes are degraded by endoribonucleolytic cleavage (see Simms, Thomas and Zaher 2017 for a review). Pelota-like proteins (or aPelota), homologues of eukaryal Pelota, were also identified in archaeal genomes (Table  1A) . The protein aPelota from Sulfolobus solfataricus shares about 20% identity with its eukaryal counterparts (Ragan et al. 1996) ( Table 2 ) and is widely conserved in Archaea (Atkinson, Baldauf and Hauryliuk 2008) (Fig. 1) . Recently, the crystal structures of archaeal Pelota proteins from T. acidophilum, A. fulgidus and S. solfataricus revealed three structural domains (Lee et al. 2007 (Lee et al. , 2010 . The central and CTDs (Fig. 2C) share similarities with the eukaryotic translational release factor eRF1, while the N-terminal domain has a weak similarity with RNA-binding Sm-fold proteins (described in section 'Archaeal small RNA-binding proteins') ( Fig. 3C ). In addition, these structural studies reported an interdomain structural plasticity of aPelota proteins suggesting that large conformational changes are essential for their functions (Lee et al. 2010) . It was shown that aPelota from T. acidophilum has a ribonucleolytic activity (Lee et al. 2007 ). In addition, the archaeal translational elongation factor EF1α binds to archaeal RF1 and aPelota in a GTP-dependent manner Kobayashi, Ishitani and Nureki 2013) . It was proposed that a positively charged patch of aPelota domain 1 interacts with the decoding centre of the ribosome to specifically recognise the empty site A of the stalled ribosome and thereby induce the destabilisation of the ribosome Becker et al. 2012; Kobayashi, Ishitani and Nureki 2013) .
Cas6
The CRISPR-Cas defence mechanism involves repeatassociated mysterious proteins (RAMPs) that are classified into three large groups: Cas5, Cas6 and Cas7. These proteins form large RNP complexes together with CRISPR RNA (crRNA) dedicated to the destruction of invading DNA or RNA (Makarova et al. 2011 (Makarova et al. , 2015 . In type I and type III systems, the Cas6 protein processes the crRNA precursor into crRNAs of about 70-80 nucleotides length with a 5 -hydroxyl and a 3 -or cyclic 2 -3 -phosphate group (Hale et al. 2008 (Hale et al. , 2009 Makarova et al. 2015 ) (see Charpentier, van der Oost and White 2013 for review). Note that in type I-C systems, this reaction is catalysed by Cas5d (Garside et al. 2012; Nam et al. 2012 ).
Cas6 protein sequences show limited conservation with only two common motifs: the ferrodoxin fold or RRM (RNA recognition motifs) domains and a glycine-rich motif located at the C-terminus (Table 1A , Fig. 2C ). Cas6 is a metal-independent nuclease and the predicted active site of the enzyme shows similarities to the active site of the archaeal EndA endoribonuclease. Interestingly, the nature of amino acids located in the active site differs in the Cas6 proteins from the different subtypes. Some Cas6 proteins act as homodimers, whereas others are active as monomers. Several Cas6 crystal structures have been obtained and reveal conserved structural features (see Hochstrasser and Doudna 2015 for a review). Cas6 enzymes contain two RAMP domains that form RRM folds. The C-terminal RRM fold consists of a glycine-rich loop (G-loop), a groove-binding element and a β-hairpin. The G-loop binds and stabilises the RNA substrate, the groove-binding element interacts with major groove of the RNA structure and the β-hairpin is important for positioning the scissile phosphate. In the cleavage reaction, Cas6 interacts with the 5 -region of the CRISPR repeat and cleaves at a specific site within the 3 -region. Substrate recognition of some of the Cas6 proteins evolved together with the CRISPR-repeat sequence, and certain Cas6 proteins can only recognise specific repeat sequences. Depending on the ability of the repeat sequence to form stem-loops, Cas6 proteins either interact with a preformed stable stem-loop structure or fold an unstructured RNA into a stem-loop structure for their cleavage (see Charpentier, van der Oost and White 2013 for a review).
Most prevalent archaeal 3 -to-5 exoribonucleases
3 -end-RNA trimming activities are critical in all three domains of life. In Archaea, this activity is carried out by two types of 3 -to-5 exoribonucleases (Table 1B) . The archaeal exosome machinery, homologous to the eukaryotic exosome, is commonly found in Archaea. In contrast, the archaeal RNase R-like enzyme, homologous to the bacterial RNase R, is only sporadically encountered ( Fig. 1 , Table 2 ).
aExosome (EC 3.1.13 .1) More than a decade ago, the detection of an operon encoding homologues of Rrp4, Rrp41 and Rrp42, eukaryal rRNA-processing proteins that form the core of the eukaryal exosome, in most archaeal genomes strongly suggested the existence of a conserved archaeal 3 -end RNA-degrading machinery (Koonin, Wolf and Aravind 2001) (Table 2 ). The complete set of exosome protein subunits is conserved in most archaeal genomes with the exception of species from Methanococci, Methanomicrobiales, Haloferacales and Halobacteriales ( Fig. 1 ) (Evguenieva-Hackenberg et al. 2014) . Many studies using different archaeal model organisms, in particular Sulfolobales and Pyrococcales, allowed a thorough characterisation of the archaeal exosome by determining its structures and in vitro enzymatic activities (see Hartung and Hopfner 2009; Chlebowski et al. 2013; Evguenieva-Hackenberg et al. 2014 for recent reviews). Briefly, the archaeal exosome (aExosome), commonly composed of a nine-subunit core, appears as heterogeneous complexes (Fig. 4A) . Consistently, three Rrp41 and Rrp42 subunits, belonging to the PH RNase family, form a hexameric barrel-like structure with a narrow RNA entrance pore to which a variable heterotrimeric RNA-binding cap of Rrp4 and/or Csl4 subunits is tightly bound (Evguenieva-Hackenberg et al. 2003; Ramos et al. 2006; Witharana et al. 2012) (Table 1B) . In this context, the Rrp4 subunit confers strong poly(A) specificity to the exosome while Csl4 allows the binding of a aDnaG subunit to the exosome (Witharana et al. 2012; Hou, Klug and Evguenieva-Hackenberg 2013) . These cap RNA-binding subunits harbour different types of RNA-binding domains (S1-domain, KH-motif and Zn-ribbon) ( Fig. 4A ). Three active sites in the lumen of the barrel structure carried by the Rrp41 subunits are responsible for the phosphorolytic catalysis of single-stranded RNA from the 3 -end and the release of nucleoside 5 -diphosphates (NDPs) (Lorentzen et al. , 2007 Hartung et al. 2010 ). The aExosome is also able to perform the reverse reaction by using NDPs to synthetise heteropolymers, such as adenine-rich tails, at the 3 -end of RNAs (Portnoy et al. 2005) . The 3 -to-5 exoribonucleolytic and RNAtailing activities can be modulated with Pi concentration and depend on the ATP:ADP ratio . (Evguenieva-Hackenberg et al. 2008) .
Despite recent advances in dissecting the aExosome composition and activities through in vitro structural and biochemical studies, its contribution in specific biological pathways remains unknown, especially in RNA maturation and RNA decay mechanisms. First clues may come from observations showing an interaction with the splicing enzyme EndA in M. thermautotrophicus (Farhoud et al. 2005) , the S1-domain of the RNAbinding protein TK2227 in T. kodakarensis (Li et al. 2010 ) and the translational elongation factor EF1α in S. solfataricus (Witharana et al. 2012) . Moreover, the heterogeneity of the exosomal complexes and its localisation at the cell periphery as observed in S. solfataricus may reflect a multilayered regulation of its 3 -tailing or degradation activities upon substrate recognition (Witharana et al. 2012) .
The physiological relevance of the composite RNA-binding cap in mechanisms of substrate selection is still lacking. Its understanding may come from the analysis of archaeal exosomes from species in which the set of subunits is incomplete. It will be interesting to understand how aDnaG is recruited in Diaforarchaea species in which the Cls4 subunit appear to be absent. Nevertheless, it should be noted that Csl4 is encoded in a separate operon to Rrp4, Rrp41 and Rrp42 which precludes the identification of potentially highly divergent copies in those genomes. In addition, monitoring how the absence of the Rrp4 subunit in Asgard genomes impacts aExosome activity may help identifying the specific functions of each cap subunit. Finally, the absence of the core subunit Rrp42 in some DPANN may suggest a different aExosome composition in these strains (Fig. 1) .
Interestingly, in species from the Methanomicrobiales, Haloferacales and Halobacteriales group, the absence of the exosome seems to be compensated by the presence of other 3 -to-5 exoribonucleases, namely RNase R-like enzymes (see below, Fig. 1 ). However, in the case of the Methanococci group, no enzyme with an equivalent activity could be detected suggesting that in these strains, a 3 -to-5 exoribonucleolytic activity may not exist and may be compensated by other endo-or 5 -to-3 ribonucleolytic machineries (Clouet-d'Orval et al. 2015) .
aRNase R (EC 3.1.13.1) As mentioned above, in some cases, the 3 -to-5 exoribonucleolytic activity of an archaeal cell is not dictated by an exosome complex but instead by a bacterial-like RNase R enzyme (Portnoy and Schuster 2006) (Figs 1 and 4A , Table 2 ). This is the case for halophiles and methanococcales in which the operon encoding the exosomal subunits is missing (Fig. 1) . Briefly, RNase R-like enzymes which are characterised by an RNB domain with a unique αβ-fold are part of the RNase II/RNB family present in the three domains of life (Fig. 4A , Table 2 ). It is now well established that bacterial RNase R encoded by the rnr gene and composed of the RNB domain flanked by RNA-binding domains is able to degrade structured RNAs from their 3 -ends to their 5 -ends to perform important functions in the cell from RNA quality control to virulence (for a review, see Arraiano et al. 2013) . Most knowledge on archaeal RNase R (aRNase R) comes from in vitro biochemical studies carried out with that from H. volcanii in which the rnr gene has been shown to be essential (Portnoy and Schuster 2006; Matos et al. 2012) .
Interestingly, our searches for RNase R-like members in archaeal genomes identified at least three types of domain organisation (arbitrarily named a, b and c here) with none resembling the bacterial enzyme (Figs 1 and 4A and Table 1B ). In the halophile group, aRNase R a is restricted to the RNB domain with no extra RNA-binding domain. In contrast, two other forms, RNase R b and RNase R c , found in some methanococcales, contain an extra CTD with RNA-binding properties (Fig. 4A) . These different forms of aRNase R have certainly resulted from horizontal gene transfer (HGT) from bacterial genomes. More specifically, we used the archaeal proteins annotated as RNase R as a query to search the NCBI non-redundant bacterial database with blastp. The 200 best hits were retrieved and aligned with the archaeal sequences (mafft program) and the sequence redundancies were removed with Jalview (98% identity threshold). A phylogenetic tree, computed with PhyML, revealed that archaeal sequences were dispersed as several clusters in the bacterial tree, suggesting multiple independent HGTs from bacterial to archaeal genomes. (Fig. 1 ). This is in agreement with three independent HGT events from bacterial strains. Finally, the RNase R c homologues are found in one subtree that includes one sequence from Methanocellale strain (Methanocella conradii HZ254) and sequences from Methanosarcinale strains (Fig. 1) . The location of the M. conradii sequence as an outgroup may indicate an initial HGT from Bacteria to Archaea followed by a second HGT between Archaea. However, more data are required to confirm the evolutionary origin of archaeal aRNase R homologues and to understand how they work in RNA processing and RNA decay, and whether they recruit other specific or common factors.
The universal β-CASP ribonuclease family
In the last few years, a prevalent family of enzymes, namely the β-CASP ribonucleases, has emerged as central in providing additional ribonucleolytic activities in archaeal cells (for a review, see Clouet-d'Orval et al. 2015) (Tables 1A and 1B) . Briefly, members of the β-CASP ribonuclease family are of major importance in RNAprocessing and RNA decay pathways in Eukarya and Bacteria (for a review, see Dominski, Carpousis and Clouet-d'Orval 2013) (Table 2) . Typically, β-CASP members harbour a β-lactamase domain, composed of a four-layered αβ/βα architecture, in which a so-called β-CASP domain is inserted (Fig. 4B) . Several crystal structures of bacterial, eukaryal and archaeal members have reported an identical structural bipartite topology with a catalytic site formed at the interface of the two domains and involving conserved histidine and aspartic acid residues that coordinate two Zn 2+ ions. Importantly, β-CASP ribonucleases have the propensity to carry dual, 5 -to-3 exo-and endo-ribonucleolytic activities with a single active site (Li de la Sierra-Gallay et al. 2008; Dorléans et al. 2011; Newman et al. 2011) . Archaeal β-CASP members have been identified by in-depth phylogenomic analyses that revealed three major archaeal β-CASP clusters designated aCPSF1, aCPSF2 and aRNase J, based upon their close relationship to either bacterial RNase J or eukaryal CPSF73 (cleavage polyadenylation specific factor) (Dominski, Carpousis and Clouet-d'Orval 2013; Phung et al. 2013; Clouet-d'Orval et al. 2015) ( Table 2 and Table 1A ). Interestingly, the congruence of phylogenetic trees based on aCPSF1, aCPSF2 and aRNase J sequences and a set of concatenated conserved protein sequences reflecting the evolution of the Archaea showed that the three major archaeal β-CASP clusters have been inherited vertically (Clouet-d'Orval et al. 2010; Phung et al. 2013) . This indicates that β-CASP ribonucleases are ancient enzymes that existed in the last universal common ancestor before the separation of the actual three domains of life. Features of each β-CASP ribonucleases clusters are briefly introduced below. Table 1A ). It was shown that P. abyssi aCPSF1 is dimeric in solution with a highly conserved short C-terminal segment serving as interface (Phung et al. 2013 ) (see Dominski, Carpousis and Clouet-d'Orval 2013; Clouet-d'Orval et al. 2015 for reviews). The in vitro enzymatic activity of thermococcales and methanococcales aCPSF1 revealed a dual activity with an endoribonucleolytic activity at single-stranded CA site and a 5 -to-3 exoribonucleolytic activity restricted to 5 -monophosphorylated RNA substrates (Levy et al. 2011; Phung et al. 2013) . These activities are comparable to those displayed by the eukaryal CPSF73 (see Dominski, Carpousis and Clouet-d'Orval 2013 for review). Remarkably, an aCPSF1 member is encoded in each single archaeal genome (Fig. 1) . Together, these observations suggest that the dual activities of aCPSF1 are at the centre of critical and conserved metabolic pathways important for the archaeal cell physiologies which remain to be determined. In addition, a small group of β-CASP proteins, aCPSF1b, closely related to aCPSF1 but lacking the N-terminal extension (Phung et al. 2013) , is restricted to the Methanococci group in which no 3 -to-5 exoribonucleolytic machineries could be detected by homology searches (Fig. 1) . A distantly related sequence is also present in Korarchaeum cryptofilum OPF8.
aCPSF2 (CPSF73, EC 3.1.4.1) The aCPSF2 group was identified as a cluster of less conserved sequences compared to the aCPSF1 cluster (Phung et al. 2013; Clouet-d'Orval et al. 2015) ( Table 1B , Fig. 4B ). Members of this group, consistently found in the TACK/Proteaoarchaeota and more sporadically in Euryarchaeota, are architecturally restricted to the β-CASP/β-lactamase core domains except for the S. solfataricus member which possess an N-terminal extension (for reviews, see Dominski, Carpousis and Clouet-d'Orval 2013; Clouet-d'Orval et al. 2015) . To date, no aCPSF2 structures have been reported (a model is shown in Fig. 4B ), and curiously enough, the 5 -to-3 ribonucleolytic activity detected in vitro for Sulfolobales members requires Mg 2+ ions in contrast to other β-CASP ribonucleases (Levy et al. 2011 ). In S. acidocaldarius, the gene encoding aCPSF2 is not essential and its deletion is not associated with a modification of the growth rate (Märtens et al. 2013) , meaning that, in these conditions, the exoribonuclease aCPSF2 does not affect the overall cellular metabolism.
aRNase J (EC 3.1.13.B1) More than a decade ago, homologues of bacterial RNase J were proposed to be encoded in archaeal genomes (Even et al. 2005) . It is now clear that archaeal RNase J (aRNase J) exists throughout most Euryarchaea with the exception of the Diafoarchaea and Archeoglobi groups (Fig. 1 , Table 1B ). In contrast to bacterial RNase J proteins which harbour a CTD, aRNase J enzymes are restricted to the β-CASP/β-lactamase core domains (Fig. 4B ) (Clouet-d'Orval et al. 2010 ). An aRNase J 5 -to-3 exoribonucleolytic activity was first identified for recombinant proteins from Thermococci and Methanococci.
In vitro, these enzymes show a high processivity, no detectable endoribonucleolytic activity under the conditions tested and a greatly reduced activity in degrading RNA substrates with 5 -triphosphate ends (Clouet-d'Orval et al. 2010; Levy et al. 2011) . Recently, the first RNA-free and RNA-bound structures of aRNase J from Methanolobus psychrophilus provided detailed mechanistic insights. Furthermore, the unique conserved archaeal loops I and II were found to be involved in the in vitro ribonucleolytic activity and in RNA interaction of aRNase J (Clouet-d'Orval et al. 2010; Zheng et al. 2017) . Finally, distinct dimerisation/tetramerisation patterns were observed for archaeal and bacterial RNase Js (Zheng et al. 2017 ).
In conclusion, the roles of archaeal β-CASP ribonucleases in specific biological mRNA decay and RNA quality control mechanisms remain to be elucidated. The challenge will be to identify how β-CASP ribonucleases are specifically recruited and if they are part of multiprotein complexes as are their bacterial and eukaryal counterparts. The expected outcome will clarify the roles in archaeal cell physiology of 5 -to-3 exo-and endo-ribonucleolytic activities carried by this conserved enzyme family.
Archaeal sRNA-binding proteins
In RNA biology processes, the RNA-associated proteins of the Sm/Hfq and ribosomal L7Ae superfamilies, sometimes called RNA chaperones, have an important role in RNP complex assembly and have emerged as key players in myriad of RNAprocessing pathways in Eukarya and Bacteria.
Archaeal Sm-like proteins
Members of the Sm-like/Hfq proteins form a superfamily of RNA-binding proteins of ancient related origin (Mura et al. 2013) . They contain a common bipartite sequence, known as the Smdomain, consisting of two Sm motifs connected by a region of variable length and motif. And while the proteins do not show a high similarity at the primary structure level, they share a tertiary structure and a multimeric quaternary architecture that supports interactions with partner molecules. Another conserved characteristic of the Sm and Sm-like proteins is their preference for single-stranded uracil-rich RNAs. The ubiquitous eukaryal Sm proteins and their Sm-like paralogues (>18 paralogues) are molecular scaffolds for the assembly of RNP complexes. They were first identified in spliceosomal RNP complexes where they associate with uridine-rich small nuclear RNAs. Hfq, the bacterial branch of the Sm superfamily, was discovered 50 years ago as a host replication factor for the bacteriophage Qβ (Franze de Fernandez, Eoyang and August 1968) . In many bacterial organisms, Hfq is perceived primarily as the core component of a global post-transcriptional network involving small regulatory RNAs (Nielsen et al. 2007) . It is now proposed that homologues exist in the three domains of life and several recent studies try to overcome the gaps in our knowledge on the relevance of this RNA-associated protein family in Archaea.
Archaeal Sm-like/Hfq superfamily proteins were also detected by database searches (Salgado-Garrido et al. 1999) . While their biological functions remain to be discovered, they were fundamental in elucidating the biochemical and structural properties of their eukaryal counterparts. To unify the nomenclature, the archaeal homologues have recently been termed SmAPs (Mura et al. 2013) . These proteins share the Sm-fold, common to all members of the Sm superfamily even for highly divergent sequences, but in general do not contain any C-terminal extension as observed in some eukaryotic Sm-like and some bacterial Hfq (Mura et al. 2013) (Fig. 3C) . Archaea often possess two SmAP paralogues, SmAP1 and SmAP2. In the euryarchaeal Pyrococcales and Halophiles, only one Sm-like protein has been identified. This is orthologous to SmAP1. There is a high-sequence similarity between members of the SmAP1 family, with up to 60% sequence identity (Törö et al. 2001) . The identity level drops to 30% or less (Törö et al. 2001) between SmAP1 and SmAP2 proteins from the same organism. Crenarcheota, like S. solfataricus (Sso), S. tokodaii (Sto) and P. aerophilum (Pae), can possess an additional Sm-like paralogue, SmAP3 (Mura et al. 2003b (Mura et al. , 2013 . SmAP3 proteins are particular in possessing a longer CTD (Mura et al. 2003b) . Finally, Methanococcus jannaschii (Mja) contains an Hfqlike protein (Nielsen et al. 2007 ) rather than a conventional Smlike protein (Salgado-Garrido et al. 1999) .
SmAP1 proteins
The crystal structures of many archaeal SmAPs have been resolved since the beginning of the 2000s. In particular, the crystal structures of SmAP1 cyclic homoheptamers of crenarchaeota P. aerophilum (Pae-SmAP1/PDB code 1ISF) (Mura et al. 2001) , and of euryarchaeota A. fulgidus (Afu-SmAP1/PDB code 1I4K) (Törö et al. 2001) , P. abyssi (Pab-SmAP1/PDB code 1H64) (Törö et al. 2002) and M. thermautitrophicum (Mth-SmAP1/PDB code 1IS1) (Collins et al. 2001) (Fig. 3C ) strengthen the proposed model for human Sm core domain (Kambach, Walke and Nagai 1999) by providing the first atomic resolution of Sm monomers in an intact ring.
SmAP1 monomers adopt a barrel-type structure consisting of an N-terminal α-helix followed by a strongly bent five-stranded β-sheet (Collins et al. 2001; Mura et al. 2001; Törö et al. 2001 Törö et al. , 2002 . The highly curved nature of the β-sheet allows the formation of a compact hydrophobic core. The cyclic heptameric ring, composed of seven monomers (7-mer), involves interactions between the β4 and β5-strands of adjacent monomers to form a continuous β-sheet in the oligomer. The loop L4 that links the strands β3 and β4 and that define the distal face varies more in length and amino acid sequence than any other loops. Most SmAP1s exhibit a short loop L4 when compared to eukaryotic Sm-like proteins and do not include extended N-and C-termini, with the exception of Mth-SmAP1 that contains a slightly longer N-terminal sequence when compared to other archaeal proteins (Collins et al. 2001) . The cyclic heptameric complex is extremely stable and can resist denaturing conditions, even in the absence of RNA, as shown for eukaryotic Sm-like but not Sm proteins. The residues in loops L2, L3 and L5 lie towards the central cavity of the ring and residues located in loops L3 and L5 form a conserved uridine-binding pocket (Törö et al. 2001) , also called internal binding site (Thore et al. 2003) . This central cavity is surrounded by a positively charged region on the loop L4/distal face (Törö et al. 2001 ; Thore et al. 2003) . Beyond their capacity to form cyclic heptameric rings, SmAP1 proteins can also assemble into two stacked heptameric rings and, like Pae-and Mth-SmAP1s, can also polymerise into fibrillary ultrastructures (Mura et al. 2003a, b) . This oligomeric plasticity of SmAPs, which is observed across the entire protein family and may have unsuspected biological significance, will not be further developed in this review (see Mura et al. 2013 for review) .
Both Afu-and Pab-SmAP1 proteins were shown to preferentially bind U-rich RNA molecules (Törö et al. 2001; Thore et al. 2003) . Binding of U5 or U7 oligonucleotides by Afu-SmAP1 (PDB code 1I5L) (Törö et al. 2001) or Pab-SmAP1 (PDB 1M8V) (Törö et al. 2002; Thore et al. 2003) , respectively, does not induce major structural changes and involves the conserved His37, Asn39 and Arg63 residues of the internal binding site of the same monomer. A second binding site, the external binding site, was identified in the crystal structure of the Pab-SmAP1/U7 complex (Thore et al. 2003) . This site consists of the residues Arg4 from the Nterminal α-helix and Tyr34 from the β2-strand of two monomers of two cyclic heptamers in head-to-head orientation. The Tyr34 residue is absolutely conserved in all the archaeal SmAP1 proteins (Thore et al. 2003) . Its substitution by a valine does not affect Pba-SmAP1 binding to an oligo(U), but it strongly reduced binding to the Eukaryotic Sm consensus 'AAUUUUUGG' RNA. These results suggest an interplay between the two RNA-binding sites where the external binding site stabilises additional nucleotides after a specific recognition of the U-rich sequence by the internal binding site (Thore et al. 2003) .
SmAP2 proteins Crystal structures of SmAP2 proteins from S. solfataricus ( (Märtens et al. 2017) ; PDB code 4XQ3) and A. fulgidus ((Törö et al. 2002) ; PDB code 1LJO) have also been resolved. AfuSmAP2 has essentially the same monomer fold as Afu-SmAP1 and harbours the conserved uridine-binding pocket (with the exception of His37 which is replaced by Tyr), suggesting a common RNA-binding mode for both proteins. Band-shift experiments confirmed that Afu-SmAP2 has a clear preference for U-rich sequence (Achsel, Stark and Lührmann 2001) . However, conversely to Afu-SmAP1, the oligomerisation of Afu-SmAP2 is strongly dependent on the pH and the presence of RNA molecules. Indeed, while the electron micrographs of an AfuSmAP2/U10 complex show that in the presence of an oligo(U), Afu-SmAP2 can assemble into a cyclic heptameric ring (Achsel, Stark and Lührmann 2001) , at acidic pH and in the absence of RNA, Afu-SmAP2s form a cyclic hexameric (6-mer) structure in the crystals that is not stable (Törö et al. 2002) . The opposite charge distribution of the L4/distal face that is predominantly positive in Afu-SmAP1 and negative in Afu-SmAP2 creates differences in the ionic interactions between monomers that could explain the different oligomerisation behaviour of Afu-SmAP1 and 2 (Törö et al. 2002) . Nonetheless, while Sso-SmAP1 andSmAP2 also exhibit similar opposite charge distribution, SsoSmAP2 proteins were shown to assemble into cyclic heptameric rings in the crystals (Märtens et al. 2015) . Finally, another clear difference between free Afu-SmAP1 heptamers and Afu-SmAP2 hexamers is the diameter of the central cavity of the Afu-SmAP2 (≈8Å) that is smaller than that of SmAP1 proteins (10-15Å) and that will not allow RNA binding without significant structural rearrangement (Törö et al. 2002) . As suggested by the electron micrographs of Afu-SmAP2/U10 complexes, it was proposed that assembly around a U-rich RNA sequence may lead to the formation of an Afu-Sm2 heptamer (Törö et al. 2002) .
SmAP3 proteins SmAP3 from P. aerophilum (Pae-SmAP3) contains the conserved Sm-domain linked to a novel CTD of nearly 70 residues. The crystal structure of Pae-SmAP3 shows that these additional residues form a compact CTD with a novel mixed α/β fold (Mura et al. 2003b) . The strong sequence conservation of Pae-, Sto-and Sso-SmAP3 CTDs suggests that they will have a similar structure (Mura et al. 2003b) . A comparative structural analysis found weak structural similarity between the CTD of Pae-SmAP3 and a CTD of yeast TATA-box binding protein (Mura et al. 2003b) . Although it is unclear how the CTD of SmAP3 would modify its function (biochemical or structural), it suggests that SmAP3s could have novel nucleic acid binding properties and may be used for physiological functions entirely unrelated to RNA metabolism (Mura et al. 2003b) . Moreover, Pae-SmAP3 monomers assemble into an unexpected 14-mer structure composed of two heptamers with different conformations (apical or equatorial) that is perforated by a cylindrical pore and is bound to 14 cadmium ions (Mura et al. 2003b ).
Interestingly, it was shown that Sso-SmAP1, Sso-SmAP2 and Sso-SmAP3 can co-precipitate, suggesting that in vivo, the Sso-SmAPs could assemble into hetero-oligomers (Märtens et al. 2017) . Similar behaviour was also previously observed for Afu-SmAP1 and Afu-SmAP2 (Törö et al. 2001) . While heterooligomeric SmAP assemblies remain to be characterised in Archaea, a differential composition could impact their biological functions as shown for eukaryal Sm-like hetero-heptamers (Mura et al. 2013 ).
Hfq-like proteins A homologue of bacterial Hfq was identified in the genome of M. jannashii which does not contain an open reading frame encoding a SmAP protein (Salgado-Garrido et al. 1999; Nielsen et al. 2007; Mura et al. 2013) . Like bacterial Hfq, MjaHfq contains the conserved Hfq Sm2 motif (YKHAI consensus) but possesses a shorter C-terminal tail and N-terminal α-helix compared to Hfq homologues of Escherichia coli (Eco) and Staphylococcus aureus (Nielsen et al. 2007; Mura et al. 2013) . The charge distribution on loop L4 of Eco-Hfq and Mja-Hfq is also different as Mja-Hfq L4 is predominantly negatively charged (Nielsen et al. 2007; Mura et al. 2013) . The resolution of Mja-Hfq crystal structure (PDB code 2QTX) identified a cyclic hexameric complex also characteristic of Hfq proteins (Nielsen et al. 2007) . Mja-Hfq preserves the conserved uridine-binding pocket (also named distal binding site) but the distal adenine-binding site and lateral RNAbinding site show considerable structural changes compared to bacterial Hfq (Nikulin et al. 2017) . Despite these differences, Mja-Hfq is able to partially complement the pleiotropic phenotypes of Hfq knockout mutants in E. coli (Sittka et al. 2009 ) and Salmonella enterica (Nielsen et al. 2007 ). Moreover, Mja-Hfq forms a ternary complex with the Spot42 sRNA and its sucC mRNA target in vitro (Nielsen et al. 2007 ). Finally, Hfq homologues were also discovered on four Thermococcales plasmids and three unrelated Methanococcales plasmids (Krupovic et al. 2013) . These archaeal Hfq proteins are particular and contain an additional Nterminal C 2 H 2 -type zinc finger domain suggesting an additional potential role in DNA or RNA binding (Krupovic et al. 2013) .
Archaeal L7Ae ribosomal protein
L7Ae is a member of the L7Ae/L30 protein family found in both Archaea and Eukarya. The members of the L7Ae/L30 protein family share the capacity to bind K-turn RNA motifs (Mao, White and Williamson 1999; Ban et al. 2000; Kuhn, Tran and Maxwell 2002) (Fig. 3A) . Archaeal L7Ae is homologous to the human 15.5kD protein and yeast Snu13 small nucleolar RNP core proteins and shares their capacity to bind the K-turn of C/D and H/ACA-box sRNAs (Kuhn, Tran and Maxwell 2002; Rozhdestvensky et al. 2003) . In contrast to 15.5kD/Snu13 proteins, L7Ae also has the ability to recognise Kink-loop (K-loop) motifs (Vidovic et al. 2000 Gagnon et al. 2010 ). An alignment of several archaeal L7Ae and eukaryotic 15.5 kD proteins uncovered a highly conserved RNAbinding region containing amino acid residues important for the binding of K-turn motifs (Gagnon et al. 2010) .
The archaeal L7Ae protein is a component of the large ribosomal subunit of Haloarcula marismortui and serves as a core protein of the C/D and H/ACA box sRNP nucleotide modification complexes (Kuhn, Tran and Maxwell 2002; Tang et al. 2002; Rozhdestvensky et al. 2003; Charron et al. 2004a; Baker et al. 2005; Gagnon et al. 2010) . It is also part of the archaeal RNase P complex (Kouzuma et al. 2003; Fukuhara et al. 2006; Lai et al. 2014; Oshima et al. 2016 ) (see section 'Ubiquitous endoribonucleases'). Moreover, recent evidence also suggests that L7Ae can regulate translation by direct binding to the 5 -untranslated regions of some messengers, including its own transcript (Daume et al. 2017) . Finally, an in silico approach in P. abyssi identified three unknown small ncRNAs containing K-turn motifs as interacting partners of L7Ae (Phok et al. 2011) . Together, the presence of L7Ae in RNase P, C/D and H/ACA box sRNPs and ribosome in Archaea offer fascinating prospects for future integrative studies in understanding coordination in the regulation of macromolecular machineries involved in specific facets of translation.
Processing pathways of archaeal ncRNAs

Maturation of tRNAs
Maturation of tRNAs is a highly conserved process in all three domains of life. The tRNA sequence is transcribed as a longer precursor (pre-tRNA) containing a 5 -leader and a 3 -end trailer sequence (Fig. 5A ). Thus release of the mature tRNA requires processing at both transcript ends, and often posttranscriptional addition of a 3 -CCA-end. Furthermore, extensive nucleoside modifications and, in some cases, removal of introns are needed.
The number of tRNA genes in archaeal genomes ranges from 36 in M. smithii to 61 in M. bakeri (Chan and Lowe 2009 , http://gtrnadb.ucsc.edu/). The archaeal tRNA genes are either encoded as single transcriptional units in operons together with other tRNAs or in polycistronic units in combination with other transcripts such as ribosomal and messenger RNAs. A recent analysis of transcriptional start sites in H. volcanii identified individual sites for 39 of 52 tRNAs (Babski et al. 2016) , whereas in M. thermoautotrophicus 10 of 39 tRNAs are apparently single-gene transcriptional units and two operons exist with five transcriptionally linked tRNAs (Smith et al. 1997) .
Remarkably, archaeal tDNA can adopt a variety of noncanonical arrangements. In N. equitans six tRNA genes are split with their 5 -halves containing a sequence stretch at their 3 end that can base pair with the sequence preceding the cognate 3 -halves to form a non-canonical BHB motif (Fig. 3B) . After recognition by EndA, both halves are joined in a trans-splicing reaction that releases a mature tRNA (Randau et al. 2005) . Disrupted tRNAs are not only found in reduced-genome archaea but also exist in free-living Crenarchaeota such as Caldivirga maquilingensis, Aeropyrum pernix, Staphylothermus marinus, Staphylothermus hellenicus and Thermosphera aggregans (Chan, Cozen and Lowe 2011) . Interestingly, the location of the disruption corresponds in most cases to the canonical site of tRNA introns between positon 37 and 38 (Fig. 5B) although it can also be positioned between nucleotides 30/31 or 59/60 in some Staphylothermus species, N. equitans and Thermofilum pendens, respectively (Chan, Cozen and The tRNA precursor is processed at the 5 -end by RNase P, while the 3 -end is generated by RNase Z cleavage. If not encoded by the tDNA, the CCA triplet is added by the tRNA nucleotidyl-transferase. If an intron (brown) is present within the tRNA, the Bulge-Helix-Bulge RNA (BHB) motif formed at the exon-intron junctions is recognised and cleaved by EndA. Subsequently, the tRNA-halves are joined by the RtcB RNA ligase and the intron is circularised. tRNA maturation is finalised by nucleoside modifications at various positions (black and grey dots). The order of processing events given here is deduced from work in H. volcanii, different processing orders have been observed as explained in the text. For references and further details, see section 'Maturation of tRNAs'. (B) Intron positions in archaeal tRNAs. The secondary structure of a tRNA is shown with the tRNA universal numbering (Sprinzl et al. 1987) . Filled circles indicate the nucleotide located 5 to the insertion site (including tRNA interruptions found in split-tRNAs). Positions conserved across phyla are indicated in grey, and sites specific for Thermoproteales are given in blue. Larger circles indicate positions with high frequency (more than 10) according to Sugahara et al. (2008) , Fujishima et al. (2009 Fujishima et al. ( , 2011 Lowe 2011). In C. maquilingensis, tRNA genes are even split into three segments (Fujishima et al. 2009 ). Finally, as an extreme case of fragmented tDNAs, permutated tRNA genes have been found where both tRNA-halves are part of one operon but the 3 -half precedes the 5 portion (Chan, Cozen and Lowe 2011) . Generation of the full-length tRNA depends on a BHB motif encoded by the termini of the pre-tRNA. Upon splicing, the two halves are joined into circular intermediates that are subsequently opened by the action of RNase P and RNase Z to form a mature tRNA (Chan, Cozen and Lowe 2011) . Altogether, the archaeal tDNA landscape codes for a multitude of tRNA-precursor variants, each requiring specific maturation pathways (Fujishima and Kanai 2014) .
-end tRNA processing
The 5 -leader sequence of a pre-tRNA is removed in all organisms by the universal RNase P (Figs 1 and  5A ). RNase P substrate recognition relies on distinct structural characteristics of the conserved tRNA 3D structure. Especially critical is the so called 'elbow' where D-and T-loop nucleotides interact via base-stacking to form a hydrophobic surface (Zhang and Ferré-D'Amaré 2016) . As shown for bacterial RNase P, the distance along the T-arm-acceptor-stem-axis correctly positions the cleavage site (Reiter et al. 2010) . Other determinants are the +1 nucleotide of mature tRNA, the discriminator nucleotide at position 73 and the pre-tRNA-leader (Kirsebom 2007 and references therein).
Processing of the pre-tRNA 3 end is catalysed by the universal endonuclease RNase Z (Figs 1 and 5A ). RNase Z recognises key substructures of the tRNA molecule, especially the T-arm and acceptor stem and cleaves directly after the discriminator base in most cases (see section'Ubiquitous endoribonucleases'). In the majority of Archaea (e.g. H. volcanii, T. acidophilum or N. equitans), the CCA-end essential for amino acid attachment, accurate positioning for peptide-bond formation and tRNA quality control (Wilusz et al. 2011) is not encoded in the tDNA ). Therefore, the CCA-motif is added by the nucleotidyl-transferase after RNase Z cleavage. Consequently, tRNA molecules with post-transcriptionally added CCA-ends should not be substrates for RNase Z since this would result in an endless cycle of CCA-addition and cleavage (Minagawa et al. 2004) . Indeed, the presence of a CCA in the 3 -trailer inhibits cleavage by T. acidophilum RNase Z, whereas RNase Z enzymes from P. aerophilum and M. jannaschii process CCA-containing trailers in vitro (Schiffer, Rösch and Marchfelder 2003; Minagawa et al. 2004; Späth et al. 2008) . Both species are examples for the uncommon case of archaeal genomes encoding a mixed population of tDNAs with varying portions of encoded and non-encoded CCA-ends (Marck and Grosjean 2002) . Whether CCA removal is prevented by a protein factor or fast amino acetylation in vivo waits to be determined. Currently, no information is available on the mode of 3 -processing in the rare cases of archaeal species such as A. pernix or P. furious that encode only CCA-containing tRNA genes (Marck and Grosjean 2002) . Pyrococcus furiosus RNase Z has only been studied in vitro and in combination with non-CCA substrates (Hölzle et al. 2008; Späth et al. 2008) . However, the bacterial RNase Z in Thermotoga maritima, where almost all tDNAs encode the CCA triplet, does not process at the discriminator base but after the CCA due to differences in substrate positioning by this bacterial RNase Z (Minagawa et al. 2004; Ishii et al. 2005) . In bacterial systems, with encoded CCA-ends, a common 3 -end maturation pathway is an exonucleolytic processing (Li and Deutscher 1996) . But what holds true for archaeal systems with CCA-encoding tDNAs still awaits to be determined.
The post-transcriptional addition of the CCA-end is achieved by the enzyme ATP(CTP):tRNA nucleotidyltransferase (EC 2.7.7.25) also termed the CCA-adding-enzyme or tRNA terminal transferase (Deutscher 1990) (Fig. 5A) . It catalyses the template and primer-independent addition of nucleotides and is either essential if CCA is not encoded in the tDNA or required for maintenance of CCA integrity (Zhu and Deutscher 1987; Aebi et al. 1990) . The terminal transferase is conserved in all domains of life but two classes distinct in sequence and especially structure exist: class I enzymes are present in Archaea and class II enzymes found in Eukarya and Bacteria (Yue, Maizels and Weiner 1996) . Both classes share only a homologous N-terminal catalytic core, whereas the other domains (neck, body and tail) differ structurally as well as in their arrangement resulting in a distinct overall architecture: U shaped in the class I of A. fulgidus opposed to the sea-horse shape of class II enzymes (Okabe et al. 2003) . Co-crystallisation of the A. fulgidus class I terminal transferase dimer with different substrates shows that the tRNA T-arm-acceptor-stem-half is recognised by a complementary shaped cleft in the body and tail domain (Tomita et al. 2006) . The tRNA elbow is contacted by the tail domain placing the discriminator base between head and neck domain fixing the 3 -end within the active site (Zhang and Ferré-D'Amaré 2016). All interactions except for the base at position 72 are to the phosphate-sugar-backbone of tRNA allowing for sequence-independent recognition (Xiong and Steitz 2004) . The specificity of the nucleotide-binding pocket of the A. fulgidus terminal transferase is not a function of the protein residues alone but co-catalytically adapted by influence of the growing 3 -terminus during CCA-addition resulting in switching from CTP to ATP specificity for the final nucleotide transfer (Tomita et al. 2006; Pan, Xiong and Steitz 2010) . A growing body of evidence suggests that the terminal transferase can add more than one CCA to a tRNA or tRNA-like 3 -end acting as a degradation signal in the course of RNA surveillance (Wilusz et al. 2011) . Indeed, as shown for the A. fulgidus terminal transferase in vitro, the tRNA is twisted and compressed by movement of the head domain after the first CCA-addition and if the tRNA structure is destabilised a bulge will form upon torsion and a second CCA cycle could ensue (Kuhn et al. 2015) .
tRNA intron splicing On average, 15% of archaeal tRNAs contain introns ranging in size from 11 to 129 nucleotides (Yoshihisa 2014) . This ranges from 48% intron-containing tRNAs in Crenarchaeota and almost 70% in Thermoproteales. Multiple introns are encoded in 17% of all intron-containing tRNAs as for example in T. pendens or P. calidifontis tRNAs (Marck and Grosjean 2003; Sugahara et al. 2008; Yoshihisa 2014) . However, tRNA introns are present across all domains of life and their canonical position is between nucleotide 37 and 38 in the anticodon loop. In Archaea, they have been found at more than 30 noncanonical positions along the entire tRNA molecule (Marck and Grosjean 2003) (Fig. 5B) . Introns are mostly located between the D-arm and the anticodon loop in archaeal species but also in the 3 -half in Thermoproteales ). Archaea do not possess self-splicing group I introns but use an archaeaspecific splicing mechanism that requires an enzyme with homology to parts of the eukaryotic tRNA splicing endonuclease (Table 2) Li, Trotta and Abelson 1998) . Archaeal introns are characterised by BHB motifs recognised and cleaved by the EndA (Thompson and Daniels 1990) (described in section 'Ubiquitous endoribonucleases'). The BHB motif or a variant thereof is the necessary and sufficient determinant for a splicing reaction in Archaea (Fig. 3B) . The arbitrary location of archaeal introns and tRNA splits is only possible because of this 'motif-only' definition of splice sites. Non-canonical BHB motifs recognised by variant forms of EndA are often associated with tRNA introns at non-canonical positions or split-tRNAs (Marck and Grosjean 2003; Hirata et al. 2012) (Fig. 3B) .
After cleavage by EndA, the exons are joined by the RNA ligase and the intron is released as a circularised form (Fig. 5A) . BHB motifs formed by sequences adjacent to the junction in splittRNAs trigger a trans splicing reaction used to combine the individually encoded tRNA-halves (see above, Randau et al. 2005; Chan, Cozen and Lowe 2011) . The 3 -phosphate RNA splicing ligase was only recently purified from M. kandleri and assigned to the RtcB protein family (Englert et al. 2011) . A tRNA ligation activity was demonstrated for P. aerophilum RtcB in vitro and the P. horikoshii RtcB structure revealed a novel active centre composition and structural fold (Englert et al. 2012) . RtcB homologues are found across all domains even in bacteria although bacterial tRNAs contain self-splicing group I introns. Thus, the bacterial RtcB homologue cannot catalyse a splicing-associated ligation reaction but might be used to generate circular RNAs (see section 'Small non-coding box C/D and box H/ACA guide RNA biogenesis').
Post-transcriptional tRNA chemical modifications Natural RNA molecules contain over 100 post-transcriptional modified nucleosides, needed for cellular functions of RNAs in all three domains of life (see Agris 2015; Agris et al. 2017; Väre et al. 2017 for a review). Chemical modifications of the canonical adenosine, guanosine, cytidine and uridine nucleosides are generated enzymatically during the maturation processes of major RNA species (tRNA, rRNA and mRNA). Briefly, modifications include pseudouridine formation, methylations, deamination, carbamoylation, acetylation, carboxylation and addition of amino acids, all of which can be found in two dedicated databases (RNAMDB, http://rna-mdb.cas.albany.edu/RNAmods/ (Cantara et al. 2011) and Modomics http://modomics.genesilico.pl/ (Machnicka et al. 2013) ). RNA modification biosynthesis requires simple but also sequential and multiple enzymatic activities.
With a large variety of post-transcriptionally modified nucleosides, tRNAs are the most extensively chemically modified RNA entity (17% of the nucleosides in average) with 22 modified nucleosides universally retrieved in all organisms (Motorin and Helm 2011; El Yacoubi, Bailly and de Crécy-Lagard 2012; Grosjean and Westhof 2016) (Fig. 5A) . Some of these modifications have been shown to facilitate RNA folding, structure and conformational dynamics. More precisely, in Archaea, at least 47 different modifications have been identified with some of them, such as archaeosine or agmatidine, being specific to this domain of life (Grosjean et al. 2008; Phillips and de Crécy-Lagard 2011) . The numerous and diverse chemical moieties in tRNAs affect global 3D conformation by providing unique recognition determinants important for effective tRNAs decoding ability (see Väre et al. 2017 for a review). Indeed, chemical moieties at position 34 (wobble base) and 37 (dangling base) in the tRNAs anticodon loop expand the genetic code by stabilising codon-anticodon pairs (Grosjean, de Crécy-Lagard and Marck 2010; Grosjean and Westhof 2016) . As an example, the universal N6-threonylcarbamoyl adenosine (t6A37), which occurs exclusively at the position 31 of all tRNAs decoding ANN codons (N   1  4 A, C, U or G), facilitates tRNA binding to the ribosome and prevents frameshifting in the course of translation (see Pichard-Kostuch et al. 2017 for a review).
Order of tRNA-processing events? A recent dissection of M. kandleri RNA-seq data pin points the identification of tRNA precursors before and after the unique C8-to-U8 editing activity and enables the determination of the order of tRNA-processing events (Su, Tripp and Randau 2013) . According to this, pre-tRNA is first processed at its 3 -end followed by a cleavage at the 5 -end, before nucleotide modifications are introduced and C-to-U editing occurs, followed by final removal of introns (Su, Tripp and Randau 2013) . In contrast, in vitro studies show that a precursor containing a 5 -leader sequence or an intron is only processed by the recombinant RNase Z from P. furiosus but not by the H. volcanii one (Späth et al. 2008) . Furthermore, a yeast tRNA precursor expressed in H. volcanii cells undergoes 5 -before 3 -processing (Palmer, Nieuwlandt and Daniels 1994) . However, unpublished results from the Marchfelder lab demonstrate that upon depletion of RNase P in H. volcanii cells, the 5 -end but not the 3 end tRNA maturation is impaired. The order of the tRNAprocessing events is therefore not clearly defined and a certain degree of flexibility exists. The expanding number of archaeal whole-transcriptome analyses will certainly facilitate our understanding of the degree of this plasticity.
Ribosomal RNA biogenesis
Ribosomes function in protein synthesis in all domains of life and are universally conserved macromolecular machineries composed of rRNAs and specific sets of ribosomal proteins. Eukaryal and bacterial ribosome biogenesis pathways are complex and involve RNA processing and ribosomal protein assembly that require a series of specific enzymes and assembly factors acting in coordinated and multilayered manner. Only a few steps in the archaeal pathways have been currently identified, but the larger part remains to be explored (for a review, see FerreiraCerca 2017) (Fig. 6) . Despite the universal conserved status of the RNA moieties of the ribosome with a common core structure across all domains of life, domain-specific rRNA expansion segments mostly localised at the ribosome periphery are present in Archaea and Eukarya (Petrov et al. 2014) . Indeed analysis of 16S rRNA sequences led to the recognition of Archaea as a separate domain of life (Woese, Kandler and Wheelis 1990; Albers et al. 2013; Gulen et al. 2016) . In addition, ribosomal proteins vary in size and number across the three domains with 32 universaland more than 60 domain-specific ribosomal proteins (Márquez et al. 2011 ) (for a review, see Ferreira-Cerca 2017). Typically archaeal ribosomes sediment at 70S and are composed of the 23S, 16S and 5S rRNAs.
Diversity of rRNA operons in archaeal genomes
Across all domains of life, rRNA encoding genes are organised in rrn operons (Lafontaine and Tollervey 2001) . The majority of archaeal genomes possess only one rrn operon. However, up to four operons, scattered on the chromosome, are present in some euryarchaeal species such as M. vannielii or Halolamina sediminis (Acinas et al. 2004; Stoddard et al. 2015) . The rrn operon organisation differs across archaeal lineages, and disrupted and imbalanced rDNA arrangements can be found. In general, euryarchaeal rDNA typically comprises the 16S and 23S rRNA genes linked by an internal transcribed spacer (ITS) and the 5S rRNA gene framed by 5 -and 3 -external transcribed spacers (ETS) (Klug et al. 2007 ). The ITS typically encodes a tRNA Ala as found in the model Euryarchaeota M. mazei or H. volcanii (Deppenmeier et al. 2002; Hartman et al. 2010) (Fig. 6A) . The 3 -flanking ETS occasionally encodes an additional tRNA as in H. volcanii and Haloquadratum walsbyi the tRNA Cys (Bolhuis et al. 2006; Hartman et al. 2010 ) and the 5 -ETS of M. fervidus rrn operon contains the 7S RNA and tRNA Ser genes (Haas, Daniels and Reeve 1989) . Often, crenarchaeal rrn operons do not encode tRNAs in their intergenic sequences and encode the 5S rRNA in a separate transcriptional unit elsewhere in the genome as in S. acidocaldarius or T. tenax (Durovic and Dennis 1994; She et al. 2001; Siebers et al. 2011) .
Analysis of available genomic data shows that this arrangement of coupled 16S-23S rRNA and separate 5S transcription without interspersed tRNAs is also common throughout the TACK superphylum in Candidatus Korarchaeum cryptofilum OPF8, Cenarchaeum symbiosum, Candidatus Caldiarchaeum subterraneum and P. furiosus (Hallam et al. 2006; Elkins et al. 2008; Nunoura et al. 2011; Ikeda et al. 2017) . In some specific cases, archaeal genomes possess a completely different rDNA organisation as for instance in M. jannaschii where one rrn operon encodes all three rRNAs, while the other is missing the 5S rRNA (Bult et al. 1996) or in N. equitans and T. acidophilum where all three rRNAs are transcribed separately (Ree and Zimmermann 1990; Waters et al. 2003) .
Processing of primary rRNA into mature 16S and 23S rRNAs Ribosomal RNAs are part of a precursor transcript (pre-rRNA), which is matured into the functional rRNAs in a series of steps. In Bacteria and Eukarya, those pathways involve the coordinated action of endo-and exoribonucleases as well as RNA modification machineries which have been best characterised in E. coli and S. cerevisiae (Deutscher 2009; Henras et al. 2015) . In Archaea, these steps have been investigated by analyses of processing products and intermediates identified by nuclease protection assays, primer extensions and cDNA analyses and in vitro processing experiments (Chant and Dennis 1986; Durovic and Dennis 1994; Dennis, Ziesche and Mylvaganam 1998; Ciammaruconi and Londei 2001; Tang et al. 2002) . As a general feature in Bacteria, primary polycistronic rRNA precursors contain flanking inverted repeat regions at the 5 -leader and 3 -trailer sequences of the respective 16S and 23S rRNA precursors (16S and 23S pre-rRNAs, respectively) (Deutscher 2009 ). These repeats form extended helical structures which are cleaved by the bacterial RNase III within the double-stranded region to produce the 16S and 23S pre-rRNAs. In Archaea, these stems contain a BHB motif recognised by the splicing endonuclease EndA (Fig. 6B) as occurs in the tRNA splicing reaction (Chant and Dennis 1986; Thompson and Daniels 1990) . Hence, the 16S and 23S pre-rRNAs are circularised and the ETS and ITS sequences adjacent to the BHB motif are ligated as shown in S. solfataricus, S. acidocaldarius, H. salinarum and A. fulgidus (Tang et al. 2002; Danan et al. 2012) . The circular 16S and 23S pre-rRNAs are quickly opened by endoribonucleolytic cleavages and trimmed by unidentified endo-and exo-ribonucleases, respectively, to yield the mature transcripts (Chant and Dennis 1986; Tang et al. 2002) . The 5 -end appears to be matured faster than the 3 -end, which might reflect a sequential assembly of the ribosome or a sequential formation of structural elements needed for processing (Chant and Dennis 1986; Dennis, Ziesche and Mylvaganam 1998) . In addition, a second pathway for the direct generation of the mature 5 -end via an endoribonucleolytic activity was described and S. acidocaldarius (a representative of the TACK superphylum) are given at the top and the bottom, respectively. In both structures, the 16S and 23S rRNAs are co-transcribed as large precursors. The rrn genes (black boxes) are flanked by external transcribed spacers (ETS) at the 5 -and 3 -end and separated by an internal transcribed spacer (ITS). While in genomes of the TACK phyla, the 5S rRNA is encoded separately, in euryarchaeal genomes, the 5S rRNA gene is located downstream of the 23S rRNA gene. In most Euryarchaea, the ITS1 encodes tRNA Ala and in some cases the 3 ETS codes for tRNA Cys (dark grey boxes). In H. volcanii, a tRNA-like structure (also in dark grey) is encoded immediately upstream of the 5S rRNA. Sequences flanking the 16S and 23S rRNA sequences (marked by light grey boxes) can fold into Bulge-Helix-Bulge RNA (BHB) motifs. (B) Archaeal rRNA processing steps. The rRNA precursor molecule (H. volcanii pre-rRNA is depicted as example) is processed by various nucleases. Some activities remain elusive (indicated by a question mark), while others have been characterised (indicated by scissors). The inverted repeats flanking the large rRNA genes fold into BHB motifs processed by EndA. After ligation by the RNA ligase, the circular 16S and 23S precursors are further matured by unidentified activities yielding the mature rRNAs. Based on in vitro experiments, it was proposed that the 16S rRNA 3 -end is processed by Nob1. The tRNAs encoded in the ITS and 3 -ETS are processed by RNase Z and RNase P. The tRNA-like structure at the 5 -end of 5S rRNA is processed by RNase Z to release the mature 5S rRNA 5 -end. However, the 5S rRNA 3 -end maturation pathway is still unsolved. Cleavages have also been observed within tRNAs. For references and further details, see section 'Ribosomal RNA biogenesis'.
in H. marismortui for both pre-rRNAs (Dennis, Ziesche and Mylvaganam 1998) . This splicing-independent maturation of the 23S rRNA plays a minor role, whereas the release of the 16S rRNA by endoribonucleolytic cleavage is an obligatory outcome event in the context of the H. marismortui rRNA operon since EndAprocessing stems are missing (Dennis, Ziesche and Mylvaganam 1998) .
With the exception of EndA activity, archaeal exo-and endoribonucleolytic activities which generate mature 16S and 23S rRNA remain to be discovered. However, more recently, conserved homologues of the eukaryal endonuclease Nob1 responsible for end cleavage in the yeast 18S rRNA maturation pathway were identified in most archaeal genomes (Fatica, Tollervey and Dlakić 2004) (Fig. 1, Table 2 ). Analysis of P. horikoshii Nob1 revealed not only a conserved domain structure but also a similar in vitro cleavage specificity against a pre-16S like substrate resulting in the exact mature 3 -end of 16S rRNA (Veith et al. 2012 ).
Processing of resulting 5 EST/ITS/3 EST products The 5 EST/ITS/3 EST ligation by-product, containing tRNAs and generated after the processing by EndA, is further processed by the enzymes involved in tRNA processing such as RNase Z and RNase P at the tRNA or tRNA-like structures present (Chant and Dennis 1986; Tang et al. 2002) (Fig. 6B ). Processing by RNase P is a late event occurring subsequent to pre-16S rRNA excision and after the initiation of tRNA 3 -processing (Chant and Dennis 1986; Dennis, Ziesche and Mylvaganam 1998) . Moreover, the tRNA included in the 3 -EST is also released by the tRNA-processing enzymes. In H. salinarum, the processing of tRNA Cys is unordered, but the processing of the tRNA Cys 5 -end precedes 5S rRNA 3 -end maturation (Chant and Dennis 1986 ). Finally, tRNAs of archaeal rRNA operons are sometimes subject to endoribonucleolytic cleavage within their body as suggested in H. salinarum and H. marismortui (Chant and Dennis 1986; Dennis, Ziesche and Mylvaganam 1998) .
Processing of mature 5S rRNAs Processing stems are not involved in 5S pre-rRNA release. In H. salinarum and H. marismortui, 5S pre-rRNA formation is rapidly followed by maturation into 5S rRNA (Chant and Dennis 1986; Dennis, Ziesche and Mylvaganam 1998) . Moreover, analysis of 5S pre-rRNA-processing steps in H. volcanii cell extracts led to the identification of RNase Z as the endonuclease activity responsible for 5 -end maturation (Hölzle et al. 2008) (Fig. 6B) . The region upstream of the 5S pre-rRNA transcript is able to fold into a tRNA-like structure comprising a D-replacement loop, a shortened acceptor stem as well as a shortened T-arm. In silico data show that the D-and T-arm-like regions can pair as in the canonical tRNA structure, giving rise to the tRNA elbow conformation recognised by RNase Z (Hölzle et al. 2008; Zhang and Ferré-D'Amaré 2016) . In vitro, cleavage of the 5S pre-rRNA tRNA-like structure at the 3 -end releases the H. volcanii 5S rRNA mature 5 -end as the cognate trailer (Hölzle et al. 2008) . Therefore, RNase Z is not only implicated in rRNA processing to generate mature tRNAs encoded within the ITS and ETS regions, but is also able to mature the 5 -end of 5S rRNA. Finally, the recent circRNA-seq approach of Sorek and collaborators identified 5S rRNA circular intermediate forms in S. solfataricus (Danan et al. 2012) . However, whether the circular form is associated with the 5S rRNA-processing pathway has not been determined yet (Danan et al. 2012) . A recent study links the protein FAU-1, previously described as a RNA-binding protein, to pre-5S and 16S rRNA processing in P. furiosus and T. kodakarensis (Ikeda et al. 2017) . The FAU-1 protein appears also to be important in the quality control of the mature 23S and 16S transcripts (Mackie 2013; Sulthana, Basturea and Deutscher 2016) . FAU-1 proteins of both Thermococcales were shown to process a 5S rRNA precursor in vitro, preferentially at UA sites (Ikeda et al. 2017) . Moreover, deletion of the gene in T. kodakarensis impaired cell growth and appeared to alter degradation patterns of the 23S and 16S rRNAs (Ikeda et al. 2017) .
Homing introns within archaeal 16S and 23S pre-rRNAs
In Crenarcheota and Aigarchaeota, 16S pre-rRNAs may contain introns (Nomura, Sako and Uchida 1998; Morinaga, Nomura and Sako 2002; Itoh, Nomura and Sako 2003; Nunoura et al. 2011) . This is also the case for the 23S pre-rRNA of Desulfurococcales and Thermoproteales (Itoh, Nomura and Sako 2003) . The most numerous and diverse set of introns is found in the genera Thermoproteus, Pyrobaculum and Caldivirga. However, the intron distribution within species is very variable and exhibits a biogeographic rather than phylogenetic distribution (Jay and Inskeep 2015) . The rRNA introns, like tRNA introns, contain BHB motifs that ensure their removal by the EndA splicing endoribonuclease during rRNA processing .
Despite some short and non-coding introns, archaeal prerRNA introns are generally rather long (often >700 nt) and mostly contain one or more genes that encode the homing endonuclease characterised by the LAGLI-DADG motif (Morinaga, Nomura and Sako 2002; Stoddard 2005) . The sequence-specific homing endonuclease allows mobility of the intron by reintegration at compatible intron-less homing sites. The recognition sequences for archaeal homing endonucleases are pseudopalindromic or asymmetric sites, mostly found in conserved regions of the rRNA (Stoddard 2005) . The rRNA introns are stably maintained within the cells and have also been identified as circularised RNAs e.g. in Desulfurococcus mobilis and P. aerophilum (Kjems and Garrett 1988; Burggraf et al. 1993) .
Post-transcriptional rRNA chemical modifications An increasing number of post-transcriptional chemical modifications are present on rRNAs from Bacteria to Eukarya. Indeed base modifications, such as adenosine methylation, 2'-hydroxyl group methylation and conversion of uridine residues to pseudouridine by base rotation, occur during ribosome biogenesis (for review, see Ferreira-Cerca 2017). These nucleoside chemical modifications are proposed to fine-tune the ribosome biogenesis and functions (Sloan et al. 2017) . In hyperthermophiles archaea, the observed number of modifications is close to those reported of eukaryotic rRNAs (Grosjean, de Crécy-Lagard and Marck 2010; Dennis et al. 2015; Sloan et al. 2017) . In contrast, a reduced set is observed in halophilic archaea. As an example, in S. solfataricus, 67 2'-hydroxyl group ribose methylations were reported compared to only 4 in H. volcanii (Grosjean et al. 2008; Dennis et al. 2015) . The functional significance of this disparity is not yet understood.
The most ubiquitous modifications are pseudouridine (isomer of uridine) and 2'-O-ribose methylation. These facilitate RNA folding, structure and conformational dynamics (Motorin and Helm 2011). In Archaea and Eukarya, both modifications are governed by two independent mechanisms, an RNAindependent reaction and an RNA-dependent reaction (De Zoysa and Yu 2017) . The first involves single protein enzymes called pseudouridine synthases and methyl-transferases that alone recognise the substrate and catalyse the isomerisation of uridine to pseudouridine and the transfer of a methyl group at the 2 O-ribose, respectively. The second are RNA-guided pseudouridylation and methylation by box H/ACA and box C/D RNP complexes, respectively. Briefly the archaeal C/D box sRNA is characterised by short sequence motifs, two sets of box C and C' (RUGAUGA) and box D and D' (CUGA) sequences, which fold into the widespread K-turn or K-loop structural motifs that is recognised by L7Ae (Fig. 3A) (Klein et al. 2001; Rozhdestvensky et al. 2003; Nolivos, Carpousis and Clouet-d'Orval 2005) . In addition, two other proteins, Nop5 and the methyltransferase fibrillarin are recruited to generate an active RNP complex (Omer et al. 2002; Bortolin, Bachellerie and Clouet-d'Orval 2003) . The archaeal H/ACA box sRNAs is composed of one, two or three H/ACA motifs. Each archaeal H/ACA stem-loop structure contains Kturn or K-loop structural motifs which binds L7Ae. The complete archaeal H/ACA sRNPs contain three other proteins: the pseudouridine synthetase aCbf5 and aNop10 and aGar1 required to reinforce aCBF5 activity (Charpentier, Muller and Branlant 2005; Muller et al. 2008) . The RNA component of the complex serves as a guide that base pairs with the RNA substrate and directs the enzyme (aCbf5 or aNop1) to carry out the pseudouridine formation or methyl transfer at a specific site. In Archaea, ribosomal and tRNA nucleosides can be modified by these RNA-guided pathways.
Interestingly, in Archaea, the RNA-dependent reactions involve more than 100 small box guide RNAs that target specific sites of rRNAs (Muller et al. 2008) . In addition, these small-guide RNAs have been suggested to serve as 'RNA chaperones' in facilitating rRNA folding (Bachellerie et al. 1995; Steitz and Tycowski 1995; Dennis et al. 2015) . However, in a subset of Archaea, the same modification can either be synthetised from protein-based or RNA-guide systems (Clouet-d'Orval, Gaspin and Mougin 2005) . This is the case for the dimethylation of the two universally conserved adenosines located at the 3 -end of the 16S rRNA, generally dependent on the protein-based enzyme, RsmA/KsgA/Dim1, but alternatively can use an sRNAguide system as in N. equitans (Seistrup et al. 2017) . Moreover, the widespread methylation at position U2552 of the 23S rRNA is mostly performed by the bacterial-like methyltransferase RlmE/RrmJ in most Euryarchaea with the exception of Thermococcales and Crenarchaea, in which the C/D box sR25 is in charge of guiding methylation at this position in the absence of RlmE/RrmJ homologues (Dennis et al. 2015) .
CRISPR RNA processing
Another type of ncRNA has sparked great interest in recent years. Long thought of as non-coding junk DNA, the long repeat arrays found in most archaeal and bacterial genomes have now been identified as part of a specific and hereditary defence mechanism based on RNPs: the CRISPR-Cas system (for recent reviews, see van der Oost et al. 2014; Makarova et al. 2015; Koonin and Makarova 2017) . Key players of this system are the small crRNAs and the Cas proteins (Makarova et al. 2015) (Fig. 7A) . CRISPR loci encode recurring sequence elements interspaced by unique spacer sequences matching foreign genetic elements that are transcribed into the crRNA (Bolotin et al. 2005; Mojica et al. 2009 ). The associated cas genes encode the proteins needed for the defence reaction (Makarova et al. 2015) , which commences in three functional stages: adaptation, processing, interference (see Rath et al. 2015; Mohanraju et al. 2016 for reviews) . During adaptation parts of the nucleic acid of an invading genetic element are integrated into the CRISPR loci as new spacers. In the processing stage, a precursor RNA transcribed from the CRISPR locus is generated and subsequently processed within the repeat sequences separating the individual spacers (Fig. 7A) . The resulting crRNA is integrated into the effector complex and used during the third stage to sequence specifically base pair with the re-invading nucleic acid, which is subsequently cleaved and degraded.
Despite their common functional principle, CRISPR-Cas systems are quite diverse. A plethora of individual types (termed I-VI) and an even broader variety of subtypes exhibiting specific differences both in composition and functional aspects exist (for an overview, see van der Oost et al. 2014; Makarova et al. 2015; Koonin and Makarova 2017) . Currently, all CRISPR-Cas systems are divided into two classes, the main difference being that class 1 systems have a multiprotein effector complex (Cascade-, Csm-, or Cmr-complex) while the effector complex of class 2 systems consists of a single Cas protein (Cas9, Cas12 and Cas13). Archaea generally possess class 1 CRISPR systems, whereas Bacteria may also contain class 2 systems (Vestergaard, Garrett and Shah 2014; Makarova et al. 2015) . Recently, the first, and to date, only example of an archaeal class 2 system (type V) with the single effector Cas protein Cas12a has been described for Candidatus Methanomethylophilus alvus (Makarova et al. 2015) .
Processing of the pre-crRNA precursor is quite uniform amongst different types of CRISPR-Cas systems and involves Cas proteins (see Charpentier et al. 2015 for a review). Maturation of class 1 system crRNAs depends on the activity of the Cas6 endoribonuclease family (described in section'Ubiquitous endoribonucleases') (Charpentier et al. 2015) , with the exception of the type I-C system which depends on Cas5d (Garside et al. 2012; Nam et al. 2012) . Cas6 binds pre-crRNA within the repeat region that often encodes palindromic motifs. If the repeats can stably fold into a hairpin, binding of Cas6 is governed by the structural element as seen in type I-D, I-E and I-F systems (Charpentier et al. 2015) . Unstructured repeats with an only weak folding potential as in type I-A, I-B and III rely on sequence elements for Cas6 binding that in turn may transiently stabilise the hairpin-fold (Wang et al. 2011; Shao and Li 2013; Niewoehner, Jinek and Doudna 2014) . The mature crRNA contains a single spacer sequence flanked by repeat-derived 5 -and 3 -handles. The 5 -handle is commonly eight nucleotides long whereas the size of the 3 -handle is quite variable as repeat length varies across species (Brouns et al. 2008; Carte et al. 2008; Lange et al. 2013) . After Cas6 processing, a second trimming step by a yet unidentified nuclease further reduces the 3 -handle length via a ruler-dependent mechanism in type III systems (Hatoum-Aslan, Maniv and Marraffini 2011; Zhang et al. 2012; Tamulaitis, Venclovas and Siksnys 2017) . Similar trimming also occurs for type I-A, I-B and I-D systems in H. volcanii, Clostridium thermocellum, M. maripaludis, T. tenax and Synechocystis sp. PCC6803 (Richter et al. 2012; Scholz et al. 2013; Plagens et al. 2014; Maier, Dyall-Smith and Marchfelder 2015) . Interestingly, systems in which the cr-RNA seems to be further trimmed after processing by Cas6 possess repeat sequences for which no folding or only weak folding is predicted. Cas6 is only loosely bound to these handles and does not permanently (or not at all) associate with the effector complexes thereby rendering the 3 -handle accessible (Charpentier et al. 2015; Li 2015) .
Small non-coding box C/D and box H/ACA guide RNA biogenesis As mentioned above, 2'-O-ribose methylations are abundant in archaeal rRNAs with a prevalence in thermophilic species (Dennis et al. 2015) . In contrast, only few pseudouridinylations have been detected in archaeal RNAs so far. Components of the CRISPR-Cas system are encoded by the CRISPR-locus and the cas gene cassette. The CRISPR locus is composed of individual spacer sequences matching previously encountered invaders (blue boxes) interspaced by repeat sequences (black diamonds) and its transcription is governed by the promoter sequence contained in the leader region. The transcribed precursor, the pre-crRNA, may fold into secondary structures within the repeats. These motifs are recognised and processed by Cas6, releasing the mature crRNAs comprising an individual spacer sequence and repeat-derived 5 -and 3 -handles. Certain subtype-specific Cas proteins assemble together with the crRNA into cascade complexes to eliminate the invader DNA. The simplified overview depicted here is based on a type I system, typically found in haloarchaeal species. For references and further details, see section 'CRISPR RNA processing'. (B) Generation of stable tRNA-derived fragments (tRFs). tRFs can be processed from mature tRNAs or precursor tRNAs. Three forms of tRFs have been identified in Archaea (Gebetsberger and Polacek 2013) : the 5 -tRF (red) stems from a cut in the D-loop of mature tRNA, whereas 3 -CCA tRFs (orange) are released via processing within the T-loop. In contrast, the 3 -U tRFs (blue) are generated from precursor tRNA processing and comprise the precursor 3 -trailer.
and T. tenax (Gaspin et al. 2000; Omer et al. 2000; Phok et al. 2011; Tripp et al. 2017 and references therein) .
Comprehensive analyses revealed that only a fraction of archaeal C/D box sRNAs is flanked by an individual promoter while co-transcriptional arrangements with neighbouring genes are predominant (Tripp et al. 2017) . But co-transcription with other sequences requires subsequent processing events to generate mature guide RNAs. In the case of C/D box sRNAs co-transcribed with tRNAs as seen for the T. tenax tRNA Pro or N. equitans tRNA Val , the release of C/D box sRNAs occurs by processing via the tRNAprocessing enzymes (Randau 2012; Tripp et al. 2017) . Nevertheless, the general process releasing mature C/D box RNAs is still not understood. Although relaxed BHB motifs were predicted for some archaeal C/D box sRNAs, processing in S. acidocaldarius appeared independent of flanking sequences (Berkemer et al. 2015; Tripp et al. 2017) . Maturation of archaeal small-guide RNAs could also involve other archaeal endo-and exoribonucleases such as the archaeal exosome and/or ribonucleases of the β-CASP family (see section 'Archaeal ribonuclease families'), reminiscent of the eukaryotic guide sRNA maturation pathway (Massenet, Bertrand and Verheggen 2017) . Finally, the most intriguing feature of archaeal small-guide RNA biogenesis is the discovery of significant amounts of circularised C/D box sRNAs in M. kandleri, N. equitans, P. furiosus and S. solfataricus (Starostina et al. 2004; Danan et al. 2012; Randau 2012; Su, Tripp and Randau 2013) . It is proposed that circularisation stabilises RNAs in high-temperature conditions (Starostina et al. 2004; Danan et al. 2012) . In P. furiosus, the circular C/D box RNAs are shown to be integrated into functional C/D box RNP complexes (Starostina et al. 2004) . C/D box sRNAs may also be embedded in tRNA intron sequences as seen in the intron of tRNA Trp which is conserved across most Euryarchaeota (Clouet d'Orval et al. 2001; Weisel, Wagner and Klug 2010) . The C/D box sRNA is released by EndA and circularised by the RtcB ligase as seen in H. volcanii and H. salinarum (Clouet d'Orval et al. 2001; Weisel, Wagner and Klug 2010) . However, in the majority of cases, C/D box sRNAs are not intronencoded and it remains to be determined how circularisation occurs.
Emerging classes of ncRNAs
Transfer RNA-derived fragments Fragments derived from tRNA sequences (tRNA-derived fragment or tRF), initially thought to be intermediates of tRNA degradation, are now identified as functional small ncRNAs (for reviews, see Keam and Hutvagner 2015; Kumar, Kuscu and Dutta 2016) (Fig. 7B) . Their function was extensively studied in Eukarya but they have also been described in Bacteria and Archaea (Bernick et al. 2012; Gebetsberger et al. 2012; Heyer et al. 2012; Kumar et al. 2014) . Transfer RNA-derived fragments can be generated from tRNA precursors or mature tRNAs. The amount of a given tRNAderived fragment does not correlate with the amount of the tRNA progenitor implying that tRNA biogenesis and tRNAderived fragment-processing pathways are independently regulated (Gebetsberger and Polacek 2013) . The nature of the processing and regulatory factors generating tRNA-derived fragments is not known (Keam and Hutvagner 2015) . Upon endoribonucleolytic cleavage, different classes of tRNA-derived fragments can emerge depending on the processing site and the nature of the precursor (Gebetsberger and Polacek 2013) . Archaeal tRNAderived fragments from several Pyrobaculum species, N. equitans and H. volcanii were found to encompass 5 -tRFs (derived from a cleavage within the D-arm of mature tRNA), 3 -CCA tRFs (derived from a cleavage within the T-loop of mature tRNA) and 3 -U tRFs (remainder of 3 -trailer of pre-tRNA) (Bernick et al. 2012; Gebetsberger et al. 2012; Heyer et al. 2012; Randau 2012; Gebetsberger and Polacek 2013) . A detailed analysis of tRFs is only available for H. volcanii (Gebetsberger et al. 2012) . Transfer RNA-derived fragments correspond to 11 of 51 tRNAs of H. volcanii with a majority derived from tRNA 5 -ends in response to different stresses, as also seen in eukaryotes (Gebetsberger et al. 2012; Heyer et al. 2012) . In an in-depth functional analysis of the alkaline-stress induced tRNA
Val 5 -tRF (tRF [Val] ) (Gebetsberger et al. 2012 (Gebetsberger et al. , 2017 , tRF [Val] was shown to co-purify with ribosomes and bind the small ribosomal subunits in vitro, inhibiting translation (Gebetsberger et al. 2012) . tRF [Val] was also recently demonstrated to bind the ribosome in proximity to the mRNA channel and to affect the overall protein biosynthesis in archaeal, bacterial and eukaryal ribosomes (Gebetsberger et al. 2017) . Similar translational control by tRFs occurs in eukaryotic HeLa cells (Sobala and Hutvagner 2013) . tRFs are therefore potent regulators in all domains of life but their full gene regulatory potential has yet to be unravelled.
Circular RNAs Another emerging class of small ncRNAs with an interesting biogenesis pathway are circular RNAs. They are rare but present in all domains of life. Most archaeal circular RNAs described are the result of the intron ligation step of the splicing reaction. Some are intermediates of rRNA-processing events, such as the circular precursors of 16S and 23S rRNAs (Tang et al. 2002; Danan et al. 2012 ) (section 'Ribosomal RNA biogenesis'). But those transcripts are further processed and exert their biological function in the form of a linear end product. In contrast stable circular RNAs are generated by excision of the rRNA introns coding for homing endonucleases (Kjems and Garrett 1988; Burggraf et al. 1993 ) (see section 'Ribosomal RNA biogenesis'). In addition, tRNA precursor splicing events also produce stable circular RNA entities observed for the pre-tRNA Trp of Euryarchaeota like H. volcanii (see section 'Ribosomal RNA biogenesis'). A more systematic search for circular RNAs by the novel sequencing method, circ-RNA-seq, identified a plethora of circular RNAs in S. solfataricus, with a great diversity of sequences corresponding to rRNA intermediates, tRNA introns and C/D and H/ACA box RNAs, 7S SRP RNA and RNase P and open reading frame-derived circular RNAs from 37 different genes (Danan et al. 2012) . In addition, a circular form of the 7S SRP RNA has also recently been described for T. tenax where circularisation restores the permuted sequence by processing via the splicing machinery (Plagens et al. 2015) . Nevertheless, the molecular mechanisms that generate circular RNAs await discovery and the biological function and significance of these circular forms need to be experimentally tested. Circular RNAs have been proposed to represent either processing intermediates or to be a means of stabilisation and protection (Danan et al. 2012) .
Messenger RNA turnover in Archaea-lessons from Eukarya and Bacteria
For several decades, the post-transcriptional mechanisms by which the level, the stability and the quality of mRNAs are finely regulated have been an area of intense research interest and have been reported in comprehensive reviews (see chapters in Stoecklin and Mühlemann 2013) . In essence, mRNA decay pathways are critical in defining timescales for cellular events by allowing transient adaptation relative to a growth rate and rapid responses to external stimuli to meet cellular requirements for homeostasis. The stability of an mRNA is determined by cellspecific set of ribonucleases, the sequence and structural features of the mRNA molecule itself and related proteins or regulatory RNAs. In this regard, small ncRNAs, such as sRNA, miRNA and siRNA, are critical and often mediate co-degradation, sequestration or stabilisation of target mRNAs in a regulatory hierarchy. In Archaea, in contrast to Bacteria and Eukarya, pathways controlling mRNA stability and quality are still poorly documented, even if several ribonuclease families carrying endo-, 5 -to-3 and 3 -to-5 exo-ribonucleolytic activities have been identified (Fig. 1) (Clouet-d'Orval et al. 2015 ) (see section 'Archaeal ribonuclease families').
Overview of mRNA decay pathways in Bacteria and Eukarya
In Bacteria, most mRNAs are polycistronic with concurrent transcription and translation. A key event in their degradation is an initial cleavage by an endonuclease which is followed by the action of exoribonucleases (Fig. 8) . This direct entry pathway controls the turnover of most mRNAs and recruits the hydrolytic endoribonucleases, RNase E in γ -proteobacteria and RNase Y in most Firmicutes as well as in some δ-and ε-proteobacteria (Laalami, Zig and Putzer 2014) . Remarkably and despite their sequence disparity, both enzymes serve as assembly platforms for other enzymes, such as RNA helicases and exoribonucleases and are membrane bound (Bandyra et al. 2013; Hui, Foley and Belasco 2014; Redder 2016 ). In addition, 5 -end-dependent access pathways which sense the nature of the mRNA 5 -terminus involve the recruitment of pyrophosphohydrolase enzymes of the Nudix family which trigger deprotection or 'decapping' (as a diphosphate is removed) and leave a 5 -end monophosphate mRNA which is a subsequent substrate for 5 -to-3 exoribonucleases, such as RNase J in most Bacteria with the exception of the γ -proteobacteria (Bandyra et al. 2013; Hui, Foley and Belasco 2014) . Their association in multienzyme complexes or degradosome-like machineries and their subcellular localisation allow precise control of the mode of action of these potentially highly destructive enzymes (Kaberdin, Singh and Lin-Chao 2011; Deutscher 2015; Khemici et al. 2015) (Fig. 8) . In the case of mRNA lacking a termination codon, the stalled ribosomes are rescued by a mechanism known as trans-translation that involves a specialised bacterial RNA (tmRNA) with features of both tRNA and Figure 8 . Schematic of the major mRNA quality control and decay pathways of the three domains of life. mRNA or precursor mRNA (pre-mRNA) (dark grey wavy line) is transcribed from genomic DNA (double light grey wavy lines) by the RNA polymerase (RNAP for Bacteria, aRNAP for Archaea and RNAPII (RNA polymerase II) for Eukarya). The 5 cap structure (m7G) and poly-A tail (AAAAAA) of eukaryal mRNA are shown. The endo-, 5 -to-3 exo-and 3 -to-5 exoribonucleases are represented as red, blue and green 'pacman', respectively. In addition, the 3 -to-5 exo machineries (archaeal and eukaryal exosome and bacterial PNPase) shown as green complexes are formed of multiple subunits. The ribonuclease tool kit boxes are specified at the bottom of each panel. Some of these machineries in bacterial cell and eukaryotic cytoplasm have been shown to be involved in the ribosome-rescue pathway. For clarity, mRNAs in polysomes are not represented. The mRNA processing and decay pathways (framed within each panel) are specified: for bacteria, it includes the direct entry and bypass decays, 5 -end decay and sRNA mediated decay; for archaea, an non-sense mediated decay (NMD) has been proposed; for Eukarya, in the nucleus, it includes cleavage and polyadenylation, splicing and RNA surveillance whereas in the cytoplasm, it includes in addition to the classical decapping and deadenylation pathways, the micro-RNA and silencing RNA (miRNA/siRNA) decays, nonsensemediated decay (NMD), no-go decay (NGD) and nonstop decay (NSD).
mRNA and an escort protein (SmpB) which has been shown to associate with bacterial RNase R in vitro (Inada 2013; Hui, Foley and Belasco 2014) . More recently, in Firmicutes, a family of ribosome-dependent endoribonuclease Rae1/YacP has been proposed to play a role in a translation-related process with overlapping similarities with classical toxin-antitoxin systems involved in mediating bacterial stress responses (Leroy et al. 2017) .
In contrast to bacterial mRNAs, eukaryal mRNAs are often monocistronic, must transit the nuclear membrane before being translated and have longer half-lives. In this setting, the maturation of eukaryal RNAPII-mRNA transcripts requires further intricate processes, such as 5 -capping, 3 -addition of extensive polyadenylation tracts, intron removal and chemical modifications. All of these sophisticated steps are orchestrated and controlled by RNA surveillance and decay pathways which recruit a number of multiprotein scaffolds (Chlebowski et al. 2013; Nagarajan et al. 2013; Porrua and Libri 2013; Schweingruber et al. 2013; Inada 2017) (Fig. 8) . Nuclear RNA (including cryptic stable transcript and snoRNA) control quality pathways and cytoplasmic mRNA decay pathways rely on the exosome/Rrp6/Dis3 machineries with dual, endo-and 3 -to-5 exoribonucleolytic activities and on the ribonucleases from the XRN family with 5 -to-3 exoribonucleolytic activity (Chlebowski et al. 2013; Nagarajan et al. 2013) . These are associated with specific sets of co-factors to identify and degrade deadenylated and decapped transcripts (Stoecklin and Mühlemann 2013) (Fig. 8) . The complexes are also involved in co-translational quality control mechanisms allowing elimination of a variety of aberrant mRNAs (errors in transcription, processing or induced by stresses). In addition, there are numerous quality control systems in place to differentiate between paused ribosomes and terminally stalled ribosomes that need to be rescued. In Eukarya, three cytoplasmic mRNA quality control systems monitor mRNAs for translational errors: nonsense-mediated decay (NMD), non-stop decay (NSD) and no-go decay (NGD) pathways (Inada 2013 (Inada , 2017 (Fig. 8) .
Messenger RNA half-lives Earlier reviews specifically described half-lives of several archaeal mRNAs in different conditions Klug 2009, 2011) . In general, it appeared that some archaeal mRNAs have significantly longer average half-lives than most mRNAs in Bacteria. Briefly, half-lives of several transcripts varied from 7 to 57 min in M. vannielii (Hennigan and Reeve 1994) , from 2 to 20 min in S. solfataricus and S. acidocaldarius (Bini et al. 2002; Andersson et al. 2006) and from 4 to 80 min in H. mediterranei (Jäger et al. 2002) . More recently, a first global picture of differential expression and half-lives for M. acetivorans provided evidence of drastic genome-wide shifts in RNA half-lives modulated by carbon source and led to the conclusion that more than half of metabolism genes are controlled by degradation (Peterson et al. 2016) . Nevertheless, even if a number of cases of mRNA cleavage have been documented in global analysis of mRNA decay at single-gene resolution, available data are still fragmentary. In M. jannaschii, evidence of directional 3 -to-5 RNA degradation comes from the accumulation of transcript 5 -ends from upstream of protein-coding genes (Zhang and Olsen 2009) . However, the core subunits of the archaeal exosome in Methanoccocales are missing (Fig. 1) . This is also the case in the halophilic euryarchaeon Halobacterium salinarum NRC-1 which instead possesses a bacterial-like RNase R (Fig. 1) with transcript stabilities ranging from 5 min to more than 18 min (Hundt et al. 2007) . However, to date no specific mRNA-endoribonucleolytic cleavage signal that could initiate RNA decay has been identified even though the aCPSF1 endoribonuclease is absolutely conserved in complete annotated archaeal genomes (Figs 1 and 8 ) (see Clouetd'Orval et al. 2015 for a review).
Specific mRNA features
Regardless of the similarities between archaeal and eukaryal transcription machineries, archaeal mRNAs show bacterial features with mostly no introns, no 5 -methyl caps and no long 3 -poly A tails and potentially polycistronic structures (Fig. 8) . Nonetheless, in vitro and in vivo studies using the crenarchaeota S. solfataricus showed evidence for cap-like structure in which the archaeal translation initiation factor aIF2-γ subunit binds to the RNA 5 -triphosphorylated ends and protects transcripts from a 5 -end-dependent degradation pathway (Hasenöhrl et al. 2008; Arkhipova et al. 2015) . In this instance, the aIF2-γ subunit resembles the eukaryotic cap complex strongly suggesting that a directional 5 -to-3 degradation pathway may exist in archaeal cells. This is supported by the ubiquitous occurrence of a 5 -to-3 exoribonucleolytic activity carried by members of the archaeal β-CASP family (Fig. 1) . However, in Archaea, while 5 -to-3 exoribonucleases, namely aRNase J and aCPSF2, have been identified to have a preference for monophosphorylated RNA substrates in Euryarchaea and Crenarchaea (Clouet-d'Orval et al. 2010; Hasenöhrl, Konrat and Bläsi 2011) , the molecular mechanism of 5 -to-3 mRNA decay remains unknown and an enzyme capable of converting the 5 -triphosphorylated ends of their mRNAs to monophosphates remains to be discovered. In eukaryotic cells, at least two mRNA decapping pyrophosphohydrolases of the Nudix superfamily, Dcp2 and Nudt16, remove the 5 -cap structure (Arribas-Layton et al. 2013) . In Bacteria, the triphosphorylated 5 -termini are converted to monophosphorylated ends by the Nudix superfamily RppH (Celesnik, Deana and Belasco 2007) . Although Nudix hydrolases are widely distributed among the three domains of life, archaeal Nudix hydrolases with 'decapping' activity have not yet been identified. Two of these proteins from S. solfataricus were cloned and expressed in heterologous system but no pyrophosphohydrolase activity could be detected in in vitro assays (Hasenöhrl, Konrat and Bläsi 2011) .
It has been shown that large 5 -UTRs contribute to the mRNA stability of methanogenesis genes in M. mazei, . This is in contrast to other Euryarchaeota and Crenarchaeota in which leaderless transcripts are dominant (Babski et al. 2016) , and to eukaryal organisms in which mRNA stability is mainly regulated by elements embedded in the transcript 3 -UTR (see Geissler and Grimson 2016 for a review). Finally, in many cases described above, mRNAs from genes known or predicted to be transcribed in operons exhibited similar half-lives. This was confirmed in a methanogenic archaeon by recent findings allowing the genome-wide mapping of the RNA-processing site (PSSs) obtained by the specific sequencing of the 5 -monophosphate transcripts that arise from processing events (Qi et al. 2017) . This approach detected overrepresented 5 -untranslated and intergenic regions in the polycistronic operons encoding ribosomal proteins signifying that mechanisms of ribosomal protein synthesis and stoichiometry may primarily consist of mRNAprocessing-mediated post-transcriptional regulation (Qi et al. 2017) .
Furthermore, archaeal regulatory sRNAs are undoubtedly involved in many biological processes, including metabolic regulation, adaptation to extreme conditions and stress response presumably by altering translation and stability of specific target mRNAs as reported in Bacteria and Eukarya (Marchfelder et al. 2012; Babski et al. 2014) . In the last decade, three classes of small ncRNAs, namely intergenic, antisense and sense RNAs, that can target either the 5 -UTRs or the 3 -UTRs of their respective target mRNAs have been detected in several Crenarchaeota and Euryarchaeota . These include A. fulgidus (Tang et al. 2002) , S. solfataricus (Tang et al. 2005) , Halophiles (Soppa et al. 2009; Straub et al. 2009; Fischer et al. 2011) , M. psychrophilus , T. kodakarensis (Jäger et al. 2014) , M. mazei (Jäger et al. 2009 ) and P. abyssi (Phok et al. 2011; Toffano-Nioche et al. 2013) . Some are differentially expressed with growth conditions Jaschinski et al. 2014) . Nevertheless, a mystery remains regarding mRNA decay directly mediated by sRNA since no RNase III-like double-stranded endoribonuclease activity has been detected so far in archaeal cells. It is conceivable that, in Archaea, the EndA activity cleaving within BHB motifs overcomes the lack of double strand-specific RNase III-like activity.
Role of SmAPs in mRNA stability?
The SmAPs (described in section 'Archaeal Sm-like proteins') could play important physiological functions in archaeal mRNA stability. Indeed, while in Eukaryotes, Sm proteins serve as molecular scaffold for RNP complex assembly, as exemplified by their role in rRNA processing by small nucleolar RNPs, in Bacteria, Hfq acts as an RNA chaperone, facilitating base-pairing interactions between small regulatory ncRNAs (sRNAs) and their mRNA targets, and directly influencing the structures of some RNAs (Mura et al. 2013) . However, the function of SmAP proteins in archaeal cells is currently mostly unknown but first details have been uncovered in H. volcanii and S. solfataricus. The smAP1 gene is very often encoded immediately upstream or even overlapping the gene for 50S ribosomal protein L37e, suggesting a conserved role in processing or stabilisation of rRNAs (Mura et al. 2013) . For the SmAP2 paralogue, in most Crenarchaeota and Thaumarchaeota, the gene lies directly upstream of, and on the same strand as, a methionine adenosyl transferase gene that could be involved in DNA or RNA methylation. Additionally, a role in tRNA processing or biogenesis was suggested since A. fulgidus Afu-SmAP1 and Afu-SmAP2 (Törö et al. 2001) and Sso-SmAP1 and Sso-SmAP2 (Märtens et al. 2015) associate with the RNA molecule of RNase P. Moreover, the interacting proteins and RNA substrates of Hvo-SmAP1 (Fischer et al. 2010) and Sso-SmAP1 and Sso-SmAP2 (Märtens et al. 2015 (Märtens et al. , 2017 identified by co-immunoprecipitation experiments hint at possible SmAP biological functions. The candidate binding partners belong to similar functional classes (rRNA and tRNA modification and processing, RNA decay and translation) like the partners identified for bacterial Hfq and eukaryotic Sm-like proteins (Fischer et al. 2010; Märtens et al. 2017) . While most interactions between SmAPs and candidate partners remain to be confirmed, a direct interaction between the Sso-SmAP1 and Sso-SmAP2 and the exosomal subunit aDnaG, required for efficient polyadenylation of RNA substrates and that might be required for membrane localisation of the Sso-aExosome, was confirmed by affinity purification (Märtens et al. 2017) . A link between the exosome and Sm-like proteins also exists in eukaryotes (Luz et al. 2010) . While intron-containing RNAs are enriched with Sso-SmAP1, suggesting possible functions in tRNA/rRNA processing, Sso-SmAP2 seems to bind predominantly to mRNAs and could therefore be involved in mRNA decay or stability (Märtens et al. 2015) . Finally, an H. volcanii strain deleted for the Sm1 motif of Hvo-SmAP1 ( sm1) that does not influence L37e expression or affect cell growth was shown to exhibit enhanced swarming . This observation is corroborated by differential RNA-seq gene expression analysis. Transcripts encoding proteins required for motility are upregulated in the sm1 mutant . Whether Hvo-SmAP1 is directly involved in cell motility regulation or affects a downstream regulator like an sRNA remains to be determined .
Messenger RNA quality control pathway?
Controlling mRNA quality is another important challenge for the cell to prevent the synthesis of harmful proteins derived from aberrant mRNAs. As mentioned earlier, in Eukarya, three different decay pathways stimulate the degradation of aberrant mRNAs and the dissociation of ribosomes by recruiting mRNA surveillance factors at the stalled ribosomes (Fig. 8) . Recently, it emerged that the structural basis of these mRNA surveillance pathways could exist in Archaea. This is supported by the identification of an ubiquitous archaeal Pelota/Dom34-like protein (aPelota) (Ragan et al. 1996) (described in section 'Ubiquitous endoribonucleases', Figs. 1 and 2C) . Indeed, aPelota, in a complex with the archaeal translation elongator factor EF1α, could mimic the tRNA r EF-Tu complex bound to the A site of the ribosome similarly to proposed ribosome disassembly pathways in Eukarya Saito et al. 2010; Becker et al. 2012) . A structural basis and a universal mechanism for archaeal and eukaryal ribosome recycling were proposed from cryo-electron microscopy reconstructions of eukaryotic and archaeal ribosome recycling complexes containing the ATPase ABCE1 and the Pelota termination factor paralogue . This is in agreement with early findings showing that the molecular mimicry of tRNA in the distorted 'A/T state' conformation by Pelota-like proteins enables the complex to efficiently detect and enter the empty A site of the stalled ribosome which involves the interaction of the positively charged patch of Pelota-like domain A with the decoding centre Franckenberg, Becker and Beckmann 2012) . Future work should determine if translation arrests induce endoribonucleolytic cleavages of the aberrant mRNA by aPelota bound to the A site of the ribosome and recruit other degradation factors, such as the exosome or β-CASP enzymes with the 3 -to-5 and 5 -to-3 exoribonucleolytic activities, respectively, to eliminate the aberrant mRNA fragments. A first clue towards the biological relevance of the 5 -to-3 β-CASP ribonuclease of the aCPSF2 group comes from transcriptome analyses of wild-type and aCPSF2-deleted S. acidocaldarius strains which reveal a global effect with differential transcript abundance for 560 genes (Märtens et al. 2013) . Other indications may come from genomic context analysis where the gene encoding aCPSF1 in the majority of archaeal genomes is adjacent to the gene encoding a proteasome subunit suggesting interplay between RNA and protein-degrading machineries (Koonin, Wolf and Aravind 2001) . In addition, a study in H. volcanii identified Hvo-aCPSF1 as intimately linked to partners of the formation of thiolated tRNA (Lys)UUU which includes homologues of ubiquitin-proteasome (Chavarria et al. 2014 ).
In conclusion, many open questions remain and coherent pictures of mRNA decay and RNA quality control pathways are still missing in Archaea (Fig. 8) . Future work using improved genetic tools for established model organisms coupled with specific high-throughput RNA sequencing technologies, global measurement of mRNA half-lives and comparative genomics will certainly give an input to the field. The expected outcome will definitely illuminate the roles of the conserved 3 -to-5 exosome machineries and β-CASP 5 -to-3 exo/endoribonucleases in specific biological mRNA decay mechanisms.
CONCLUDING REMARKS
Despite the wealth of information gathered to date regarding RNA maturation, processing, function and life cycles within archaeal cells, many open questions remain, and RNA maturation and degradation pathways in Archaea are for the most part still a mystery. Several key steps of rRNA maturation, for instance, are still far from being understood, and a comprehensive overview of common principles and species-specific peculiarities is about to emerge. Future in-depth landscape exploration of these pathways in different genomic contexts will certainly provide general principles of ribosomal biogenesis and functional assembly in Archaea and will highlight processing and assembly steps shared between Archaea, Bacteria and Eukarya. In general, many ribonucleases and other RNA-modifying enzymes are still expected to be discovered. Challenges will be to identify the key events and to understand how the actors of RNA metabolism are specifically recruited in pathways controlling archaeal RNA life cycle.
Furthermore, it should not be forgotten that archaeal species have very diverse ecological niches, and may have evolved specific and biochemically unique pathways, in addition to the conserved ones, to maintain the integrity of their RNAs in extreme conditions. Finally, deciphering RNA metabolism pathways at work in the recently discovered archaeal lineages will enlarge evolutionary perspectives in understanding the players acting in RNA biology throughout the three distinct phylogenetic domains, especially in the context of the recent lively debate that oppose the standard three-domain (Woese, Kandler and Wheelis 1990) to the two-domain (Eocyte) topology models of the tree of life (Koonin 2015; Raymann, Brochier-Armanet and Gribaldo 2015; Adam et al. 2017; Da Cunha et al. 2017; Eme et al. 2017; Van der Gulik, Hoff and Speijer 2017) 
